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PREFACE 


In this volume are the papers and discussions presented at the 
Birmingham Meeting, October, 1924, the New York Meeting, February, 
1925, and the Meeting of the Institute of Metals Division in Mil- 
waukee, October, 1924; also the Proceedings of the Birmingham and 
New York Meetings. 
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Mabxlb, John, V, *08-4. 

Mathbb, W. Q.. D, *21-23. 

Mathbwson, £1. P., D, *13-15, *21-22, *24-25; 
P, *23. 

*Matnabd, Qbobob W., M, *71-4, *85-6; V, *04-5 
McCbbath, Andbbw S., M, *82-4. 

*MoNaib. T. a, M, *71, *84. 

Mbbbux, Chabuds W., D, *14-16; V, *24-25. 
*MBTOALFtWxLLiAM. V, *78-9; P, *81. 
♦MiLi«B%^WiLiiBT Q., d, *09-11; D, *17-19. 
*Mobn, Phiup W., V, *03-4. 

*Moppat, S. a, M, *83, *85; V *87. *89. 

Moobb. Phzup N.. V. *15-16; P. *17; D, *18. *19. 
Muod, 8. W.. V, *20-22; D, *23-25. 

Munbob, H. Sm M, *81-4; V, 90-1. 

Nbill, Jambs w., m, *02-4. 

•Nbxlson. W. Q.. M, *86-8. 
fNBWBBBBT, J. 8^ M, *76-8. 

Nobbis, R. V., C. *08-10; V, *11-12; D. *20-25, 
OiiCOTT, E. £., P. *01-2. 

Omott. W. J., M, *98-00; C, *11-12; D, *13. 
Paob, W. N.. V. *90-00. 

Pabkbb, £. w., M, *02-4. 

Pbabcb, Riohabo, V, *85-6; P, *89. 

*Pbabsb, John B., V, *77-8. 

Pbchin. B. C., M, *72; V, *73, *75-6, *85, *91-2. 
♦Pbtbbs, E. D.. Jb., V. *98-9. 
tPBTHBBiox, Imomas, M, *71-2; V, *84. 

♦Pbttbb, Wm, H., M, *73, *89-91; V, *81-2. 
♦Platt, J. C., V. *94-5. 

POBTBB, J. A., M, *91-3. 

POTTBB, E. C.. V. *90-00. 

♦PoTTBB, William B., M, *78-80; P, *88. 
tPowBU^J. W., V, *82-3. 
fPBiMBrp^D, Jb., M, *71-3. 

♦PuMPBLLT. RaPHABL, M, *71. 

Quabbib, Bbbtbam D., D, *24-25. 

♦Ralston, W. C.. V, *00-1, *09-10. 

Rand, Chablbs F., C, *10-12; D, *12, *16-25; 
P. *18; T. •22-i5. 

. ♦Rand, *rHBODOBB D., T, *73-02. 

♦Randol, j. B., Vl*00-1. 
fRANDOLPH, J. C. F., M, *81-3; V, *91-2. 
Raymond, Robbbt M., D, *17-18; V, *18-20. 
♦Raymond. R. W., V, *71, *76-7; P, *73-4; 8, *84- 
11; a Em. *11-18. 

Rbqua, Mabk L^V, *17-19. 

Rbyndbbs, j. V. W., D. *10-21; V, *22-24; P, *25. 
♦Rzobabds, Josbph W., V, *10-11; C, *12; D, 
*13-15; V, *16-17. 


Riohabds, Robbbt H., V, *79-80; R *86. 
Rxckabd, T. A., M, *94-6; D, *05; C, *05-a 
Riokbtts, L. D., D. *13-16; R *16: D, *10, *24-25. 
Ribs, Hbinbioh, M, *08-4; C. *05. 
fRoBBBTS, Pbbcxyal, Jb.. M, *80-2; V, *89-90. 
tRobbbtson, KBNNBTm M, '88-90. 

Robbbtson. Wm. F., C, *06-8. 

Robinson, Bubb A., s. *18-17. 

Robinson, C. 8.^, *18. 

Roobbs, Allbn H., D, *17-19. 

Rolkbb, C. M., M, *88-00. 

Rothwbll, Richabd P., M, *71, *98-00; V, 
*73-3. *75-6; P. *82. 

Salbs, Rbno H.. D, *28-25. 

Saundbbs, W. L., V, *09-10, *14; P, *15; D 
*16, *17. 

Sauvbub, Aibbbt, V. *10. *11. 

Shabplbss, FBbdbbicx F., 8, £, *21-25; 8. Em., 
*25. 

tSHBAPBB. W. L., M, *93-5. 

♦Shinn, William P., V, *77-8; P, *80. 

Shocklby, William H., C, *08-10. 
fSHOOK, A. M.. M, *03-5. 

Smith, Fbank M., V, *23-25. 

Smith, Ob bob (ms, D, *21-25. 

Smock, John C.. M, *75-7, *91-3. 

Smyth, Hbnby L., D, *14-16. 
tSNOw, Chas. H.. M, *04; C, *05-6; D, *05-10. 
♦Spilsbuby, E. <3., M, *85-7; V, *93-4; P, *96. 
♦Stanton, F. McM., m, *97-9. 

♦Stanton, John, V, *92-8. 

♦Stbabns, I. A., V, *05-6. 

Stbabns, T. B., D,* 16-18, *22-24. 

♦Stbtbpbld^ C. A., V, *85-6, *95-6. 

Stonb, G. C., SD, *12; D, *18-19; T, *13-18. 
Stoughton, Bbadlby, S, £. *13-21. 
♦Stbuthbbb, j., e, *03-5; s, '06-10; t, E, *06-12; 

D, 11; S, 4i-12. 

SwBBTSBi^ Ralph, H., V, *25. 

♦SWOYBB, J. H., V, *71. 

♦Symons, W. R.. V, *71-2: M, *73-4. 

Taylob, Samubl a., D, 45-20. 

♦Taylob, W. j., M, *90-2, *90-01. 

Thacbbb, Abthub, D. *18-20. 

Thaybjl Bbnjamin B., V, *12-13, *24; P, 14; 
IV17-18. 

♦Thomas, David, P. 71. 

♦Thomas, Samubl, v, *70-80. 

♦Thompson, Chablbs O., V, *81-2. 

♦Thubston, Robbbt H., V, 78-9. 

♦Valbntinb, M. D., M, *02-4. 

Walcott, C. D., Y, *04-5. 

Walxbb, Abthub L., D, *11. 

♦Walkbb, W. R., D, 49. 

WBBBTBm WiLUAM R., M, *95-7. 

♦Wbbks, j. D., V, *86-7; M, *90-2; P. *95. 
♦Wbllman, 8. T., V, *83-4: M, *90-2. 

♦Williams, Gabdnbb F., V, *11-12. 

Williams, T. M. *71. 

♦Williamson, J. Pbyob, T, 71-2. 

♦Winchbll, H. V., M, ^01-8; V, *09-10; P, *19; 
_ D, *20, 21. 

Winslow, A.. M, *90-01. 

♦WlTHBBBBB, ThOS. F., M, *76-8. 

Wood, Waltb^ C, '06-8. 

Wbathbb, W. E., D, *21-23. 

♦Young, Edwabd L., C, *11-12; D, 13-14. 


*Deeesaed. f Non-membep st present. 
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Honorary Members 

YlUl 09 
BuMinov 


1918. 

1921. 

1923. 

1920. 

1921. 

1922. 
1888. 

1906. 
1921. 
1917. 
1916. 
1905. 
1921. 
1913. 
1909. 
1911. 

1907. 


Fbanx Dawson Adams 

WiLUAM Cothbsbt Blackxtt. 

Gsdasio Castami 

Hbnbt Stubois Dbinkbb 

Fnbdinakd Fooh 

Fbdibioo Gioum 

Hatom dn la Goitpilliebb 

Sib Robbbt A. Hadfibld 

Fbamk William Habbobd 

Hbbbbbt Hoovbb 

Jambs Fubmam Kbmp 

Hbnbi LbChatblibb 

G. McDbbmid 

Esbquibl Obdonbs 

Albxandbb Poubcbl 

Robbbt H. Richabds 

Crablbs D. Walcott 


Montresl, Csnsds. 

Raeriston, Durhsm. Englsnd. 

Rome, Italy. 

Merlon Station, Pa. 

Paris, FVance. 

Torino, Italy. 

Paris, France. 

London, England. 

London, England. 

Washington, D. C. 

New York. N. Y. 

Paris, France. 

London, England. 

Mexico City, Mexico. 

Paris, France. 

Cambridge, Mass. 

Washington, D. C. 


Honorabt Membebs {Deceased) 


Ybab or Ybab of 

EuionoN Dbgbabb 

1876. Richabd Axbbman 1922 

1872. Sib Lowthian Bbll 1904 

1905. Andbbw Cabnbgib 1919 

1892. A. Dbl Castillo 1895 

1902. Manubl Mabia Contbbbas 1902 

1888. A. DaubbSb 1896 

1906. Jambs Douglas 1918 

1884. Thomas M. Dbown 1904 

1890. Mobtis Gabtkschmakn 1895 

1873. L.GBUMBB 1883 

1921. Hbinbicb O. Hofman 1924 

1919. Robbbt W. Hunt 1923 

1891. Bbuno Kbbl 1905 

1895. JosBPH Lb Contb 1901 

1891. J.P.Lbslbt 1903 

1899. Flobis Osmond 1912 


Ybab or Ybab or 

Elbctiok Dbobabb 

1890. Adolph Patbba 1890 

1886. JohnPbbct 1889 

1888. Fbanz Pobbpnt 1895 

1911. Robsitbb W. Raymond 1918 

1884. Thbodob Richtbb 1898 

1899. W. C. Robbbtb-Austbn.. . . . 1902 

1890. AlbbbtSbblo 1898 

1880. C. William Sibmbns 1883 

1906. John E. Stbad 1923 

1909. Jambs M. Swank 1914 

1872. David Thomas 1882 

1902. Dimitbt Constantin 

TscHBBNorr 1921 

1873. Pbtbb R. ton Tunnbb 1897 

1885. Hbbmann Wbddinq 1908 

1910. Tsunashibo Wada 1920 
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STANDING COHlOTtBfiS 


Committees of the A. I. M. E. 

Standing Committees 

Executive 

J. V. W. REYNDERS, Chairman 

SYDNEY H. BALL 
WILLIAM H, BASSETT 


J. M. CALLOW 
E. DaQOLYER 


Finance 

WALTER H. ALDRIDGE, Chairman 

GEORGE D. BARRON GALEN H. CLEVENGER 


Membership 

E. P. MATHEWSON, Chairman 

GEORGE D. BARRON 
JOHN A. CHURCH. JR. 

Alternates 

LEWIS W. FRANCIS WILBER JUDSON 


Increase of Membership 

JOHN A. CHURCH, JR., Chairman 


LOUIS D. HUNTOON 
H. N. SPICER 

F. T. RUBIDGE 


JOHN H. JANEWAYi 
SYDNEY H, BALL* 


Library 

GEORGE C. STONE,* Chairman 

ALEXANDER C. HUMPHREYS* 
FREDERICK F. SHARPLESS 


Papers and Publications 

Executive Committee 


CHARLES S. WITHERELL, Chairman 
F. F. SHARPLESS, Secretary 
PERCY E. BARBOUR F. JULIUS FOHS 

GALEN H. CLEVENGER JOHN A. MATHEWS 

R. J. COLONY H. G. MOULTON 

WILLIAM A. COWAN R. V. NORRIS 

General Committee 


ARTHUR NOTMAN 
ROBERT PEELE 
GEORGE C. STONE 
ARTHUR L. WALKER 


WILLIAM H. BLAUVELT 

A. D. BROKAW 
OLIVER BOWLES 
WILLIAM CAMPBELL 
R. C. CANBY 

B. B. GOTTSBBRGER 
HENRY D. HIBBARD 
JAMES F. KEMP 
PAUL D. MERICA 


£. W. PARKER 
J. H. POLHEMUS 
SIDNEY ROLLE 
BRADLEY STOUGHTON 
ARTHUR F. TAGGART 
BENJAMIN F. TILLSON 
A. E. WHEELER 
A. C. VEATCH 


Management of Mining and Metallurgy 


WALTER H. ALDRIDGE 
CHARLES F. RAND 


E. DeGOLYER, Chairman 


EDGAR RICKARD 
F. F. SHARPLESS 


lUotOFtb.. 1026. 


* Uatfl Fdb.. 1027. 


• Uatfl F^.. 1028. 


« Uatfl F^., 1020. 
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WILLIAM H. BASSETT 
H. M. BOYLSTON 


Research 

ARTHUR L. WALKER 


WILLIAM M. CORSE 
W. SPENCER HUTCHINSON 


Cooperation with Canadian Mining Institute 

E. P. MATHEWSON FOREST RUTHERFORD L. K. ARMSTRONG 

J. B. TYRRELL 


Scholarship at Columbia University 

(In ooOperntion with Woman's Auzflinry) 

SIDNEY J. JENNINGS GEORGE D. BARRON ARTHUR 8. DWIGHT 


James Douglas Medal Committee 

GEORGE C. STONE, Chairman 

Until February, 1926 Until February, 1927 Until February, 1928 


CHARLES W. GOODALE LAWRENCE ADDICKS 

CHARLES W. MERRILL PAUL D. MERICA 

FRANK M. SMITH JOHN H. JANEWAY 

WALTER DOUGLAS FREDERICK LAIST 

E. P. MATHEWSON 

J. V. W, REYNDERS, Member ez oficio 


WILLIAM H. BASSETT 
L. D. RICKETTS 
ZAY JEFFRIES 
POPE YEATMAN 
GEORGE C. STONE 


Hunt Medal and Prize 

Candidates selected by IRON AND STEEL COMMITTEE 

J. E. Johnson, Jr., Award 

Candidates selected by IRON and steel Committee 
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LOCAL SaonON COMlilTTSBS 


Exeeutive Comimttees of Local Sections 


New York 

Meet! first Wednesdsy sftsr first Tuesdsy of sooh month. 

C. M. WELD Chairman R. M. RAYMOND, Vice-chairman 

M. H. MERRISS, SeeretanHreasurer, Niobols Copper Co.» 26 Broad St., New York 
SYDNEY H. BALL H. N. SPICER C. 8. WITHERELL 

Boston 


Meets first Monday of eaeh winter month. 

ROY B. EARLING. Chairman C. R. HAYWARD, Vice-chairman 

HUGH E. McKINSTRY, Secretarv-treaeurer, Fozcroft House, Harvard Univ., Cambridge, Mass. 
GEO. H. GILMAN GEO. A. PACKARD 


Columbia 


Holds four sessions during year. Annual meeting in September or October. 

ROWLAND B. KING, HARRY W. MARSH, Vice-chairman 

LYNDON K. ARMSTRONG, Seerdory-lrsotursr, 720 Peyton Bldg., Sptdcane, Wash. 

FRED W. CALLAWAY, Posl Chairman SOLON SHEDD 


North Pacific 

U. C. BUTLER, Chairman BENJAMIN H. BENNETTS, riee-chairman 

HAROLD P. FORD, Secretarp-treaenrer, 3333 Hunter Blvd., Seattle, Wash. 

BYRON M. BIRD THOMAS DAVIS 


Southern California 


RUSH T. SILL, Chairman WILLIAM L. HONNOLD, Viet^hairman 

S. L. GILLAN, Secretarp-treaeurer, 1022 Stock Exchange, Los Angeles, Cal. 

JOSEPH JENSEN HUGH K VAN WAGENEN 

DESAIX B. MYERS H. V. WELCH 


Colorado 


CARROLL H. WEGEMANN, Chairman HORACE F. LUNT, Vice-chairman 

C. W. HENDERStON, Seeretary-ireaeurcr, 409 New P. O. Bldg., Denvor, Colo. 

MAX W. BALL GEORGE E. COLLINS 


Montana 


L. V. BENDER, Chairman 

ALEX. M. McDonald, Secretarp-treaeurert 

W. B. DALY 


F. A. LINFORTH, Vice-chairman 
Apex Hotel, Butte, Mont. 

A. B. McLEOD 


San Francisco 


Meets second Tuesday of eaeh month. 

ABBOT A. Hd^KS, CApwmon NEWTON CLEAVELAND, Vice-chairman 

a SeereUury-ireaturer, 565 Howard St., San Frandsoo. Cal. 

A. NORTON JOHNSON C. M. EYE 


Pennsylvania Anthracite 


R y. NORRIS. Chairmtm 

CHARMSF. Vic^innan J. B. WARRINER. Vicc^irman 

SsdretonHrsMilw. Coal Co., Wilkes-Barre, Pa. 

DOUGLAS BUNTING G. H. HADESTY A. B. JESSUP 

CHARLES DORRANCE, Jr. JOHN M. HUMPHREY ROBERT A. QUIN 
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St. Louis 

M. M. LEIQHTONt Chairman C. O. STIFEL, Viea-ehairman 

P. B. BUTLER, Viea^hairman J. H. 8TEINME8CH, Viea<haSrma» 

WALTER E. MoCOURT, 8§erdatv4r§anir$r, WMbington UdIt., St. Loidi, Mo 
JOSEPH QUITERAS W. K. KAVANAUGH H. I. YOUNG J. D. ROBERTSON 


Chicago 

WILLIAM R. WRIGHT, Chairman 
FRANCIS N. FLYNN, Vice-chairman 

J. H. FLETCHER, Seeretary-treaeurer. 21 E. Van Buren St., Chicago, 111. . 

HENRY J. FREYN DAVID LEVINOER A. C. NOfi 

WILLIAM E. JEWELL G. C. McFADDEN C. C. WHITTIER 


J. C. DICK, Chairman 

C. T. VAN WINKLE, Sccretary-trcacurcr, Dooly Block, Salt Lake CSty, Utah. 

OTTO HERRES, JR. A. H. RICHARDS 


Arizona 


CHARLES A. MITKE, Chaimum 

WILLIAM SABEN, lot Vice-chairman IRA B. JORALBMON, 2d Viee-chainman 


W. S. BOYD 


I. H. BARKDOIX, Seeretantdreaemrer, Bos 1414, Globa, Aria. 
L. O. HOWARD 


H. STOUT 


Nevada 

a. A. HARDY, Ckairmm J. C. JONBS. Vl ot • M rm m m 

HENRY M RIVES, Seerclary-frwaamr. 210 Reno National Bi^ Bldg., Rrao. Nav 
EMMET D. BOYLE WALTER 8. LARSH GEO. C. RISER 

JOHN G. KIRCHEN JOHN R. REIGART ALEXANDER WISE 


Mid-Continent 

JOHN M. LOVEJOY. Chairman R. S. McFARLAND, Vice-chairman 

C. V. MILLIKAN, Secretary-treacurer, Amerada Petroleum Corpn., Petroleum Bldg., Tulsa, Okla. 
T. K. HARNSBERGER ALLAN F. HINTON GEO^E S. ROLLIN 

FRANK A. HERALD JAMES O. LEWIS WALTER B. WILSON 


Washington, D. C. 

GEORGE S. RICE, Chairman CLARENCE T. STARR, Vice-chairman 

STANLEY C. SEARS, Secretary-ireaeurcr, 2122 California St., Washington, D. C. 

G. F. LOUGHLIN 8. C. LIND 


Pittsburgh 

ORAHAM BRIGHT. CMrmam 

S. L. GOODALE, Seerdary-ireaenrer, UniraiBity of Pittaburgh, Pittsburgh, Pla. 


Wisconsin 


R. S. MoCAFFERY, Chairman, Univ. of Wisconsin, Madison, Wia. 
W. N. SMITH, Vice-chairman 


HAROLD O. DAVIDSON 


A. K. WINCHELL 
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LOCAL SECTION COMMITTEES 


Ohio 


H. M. BOYLSTON. Chairman 

L. B. MILLER* Vict^hairman H. A. SCHWARTZ* Vieo^hairman 

C. B. MURRAY, SteratanHrtantrgr. 407 Perry Payne Bldc.t develand, Ohio. 

D J. DEMOREST K. H. DONALDSON O. A. REINHARDT 


Minnesota 


FRANK HUTCHINSON* Chairman WILBUR VAN EVERA* Vice-chairman 

MACK C. LAKE* Seeretary-tretuurer^ Fidelity Bldg.* Duluth* Minn. 


Upper Peninsula 

WILLIAM KELLY* Chairman 

8. R. ELLIOTT* Secretary-treacurer^ Cleveland ClifFe Iron Co., lahpeming* Mioh. 


Oregon 

FRANK WHALLEY WATSON. Chairman 
GEORGE C. HOGG* Secretary-treagurer, U. 8 National Bank Bldg.* Portland, Ore. 

J. H. BATCHELLER FRANK BAILLIE W. W. ELMER 


Philadelphia 


RICHARD PETERS, JR.* Chairman 

F. LYNWOOD GARRISON, let Vice-chairman T. M. CHANCE. 2d Vice-chairman 

LOUIS C. MADEIRA, III, Secretary-treasurer ^ 260 S. Broad St.. Philadelphia, Pa. 
FRANKLIN BACHE SE FAIRCHILD Jb. • A. A. STEVENSON 

H. M. CHANCE W. W. HEARNE L. H. TAYLOR, Jb. 

Q. H. CLAMER W. C. NEIL80N MORRIS WILLIAMS 

HENRY 8. DRINKER E. W. PARKER 


Southern West Virginia and Northeastern Kentucky 

J. K. ANDERSON. Chairman 

CHARLES E KREBS, Seeretary-treaevrer, 2307 Washington St., Charleeton. W. Va. 
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Technical Committees* 

l-Iron and Steel 


JOHN A. MATHEWS, Chairman 
WILLIAM CAMPBELX, Vice-chairman 


Iron Ore 


JOHN H. HALL, Vicer^hairman 
L. B. LINDEMUTH, Seereiary 


R. C. ALLEN 
ERNEST F. BURCHARD 
M. M. DUNCAN 
C. T. FAIRBAIRN 


WILLIAM H. BLAUVELT 
A. J. BOYNTON 
D. T. CROXTON 
AMBROSE N. DIEHL 


FRANK D. CARNEY 
FRANK H. CROCKARD 
HENRY D. HIBBARD 


F. C. BIGGERT 


R. A. BULL 


EDGAR C. BAIN 
H. W. GILLETT 
M. A. GROSSMANN 
ZAY JEFFRIES 


L. B. LINDEMUTH 
A. R. MAXWELL 


CHARLES B. MURRAY, Chairman 

W. O. HOTCHKISS MAX ROESLER 

JOHN E. HODGE DWIGHT E. WOODBRIDGE 


WILLIAM KELLY 
CHARLES F. RAND 

Blaet Furnace 

WALTHER MATHESIUS. Chairman 
ALEXANDER L. FEILD 
DORSEY A. LYON 
C. A. MEISSNER 
CHARLES P. PERIN 

Steel Manufacture 

BRADLEY STOUGHTON, Chairman 
L. B. LINDEMUTH 
H. T. MORRIS 
WILLIAM J. PRIESTLEY 

Mechanical Treatment 

FREDERICK W. WOOD, Chairman 
FRANK L. ESTEP 
J. V. W. REYNDERS 

Foundry 

ARTHUR H. JAMESON, Chairman 
R. F. HARRINGTON 
ENRIQUE TOUCEDA 


CARL ZAPFFE 


EDWARD P. ROSS 
R. H. SWEETSER 
R. J. WYSOR 


C. F. W. RYS 
W. R. SHIMER 
A. A. STEVENSON 


A. T. KELLER 


RICHARD MOLDENKE 


Chemietryt Phytiee A Metallography 
HERBERT M. BOYLSTON, Chairman 

V. N. KRIVOBOK ALBERT SAUVEUR 

F. C. LANGENBERG HAAKON STYRI 

W. E. RUDER GEORGE B. WATERHOUSE 


Open Hearth Steeel 
E. A, WHITWORTH, Chairman 
W, A. MAXWELL, JR. 


L. F. REINARTZ 
ALBERT W. SMITH 


2-Reduction and Refining of Copper 


LAWRENCE ADDICKS 
JOHN F. AUSTIN 
LOUIS V. BENDER 
P. P. BUTLER 
STUART CROASDALE 
L. OGILVIE HOWARD 
L. W. KEMP 
MILO W. KREJCI 
FREDERICK LAIST 


P. MATHEWSON, Chairman 
F. J. LONGWORTH 
RICHARD L. LLOYD 

O. C. MARTIN 

A. G. McGregor 
A. J. McNAB 

P. A. MOSMAN 
A. H. RICHARDS 
L. D. RICKETTS 
FOREST RUTHERFORD 


H. H. STOUT 
HENRY A. TOBELMANN 
WILLIAM J. TURNER 
GEORGE D. VAN ARSDALE 
ARTHUR L. WALKER 
A. E. WHEELER 
ALBERT E. WIGGIN 
C. S. WITHERELL 


3-Extraction and Refining of Precious Metals 


BENNETT R. BATES 
A. L. BLOMFIELD 
DEAN S. CALLAND 
J.JM. CALLOW 
ALLAN J. CLARK 
GALEN H. CLEVENGER 
J. J. DENNY 


JOHN V. N. DORR, Chairman 
M. J. FAIRLIE 
DAVID L. H. FORBES 
W, EARL GREENOUGH 
CHARLES JANIN 
S. F. KIRKPATRICK 
A. D. MARRIOTT, JR. 
CHARLES W. MERRILL 


W. O. NORTH 
EDWIN L. OLIVER 
WALTER L. REID 
GEORGE W. STARR 
FRED WARTENWEILER 
A. J. WEINIG 


* The purooee of each committee ic to further the development of the art and edenoe and to obtain 
papoe of ni^h merit for disoueeion and pubUoation by the Institute on the subject covered by the title 
of the committee. Personnel subject to acceptance by members named. 
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4-Reduction and Refining of Lead 


L. DOUGLASS ANDERSON 
JESSE O. BETTERTON 
S. Q. BLAYLOCK 
E. E. DIEFFENBACH 
ARTHUR S; DWIGHT 
L. G. EAKINS 
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WILLIAM KELLY* C. E. GRUNSKY^ WILLIAM McCLELLANJ 

CHARLES F. RAND* H. B. SARGENTf HARRIS J. RYANJ 

JOHN R. FREEMAN* FRED R. LOWt FRANK B. JEWETTt 

W, F. M. GOSSt 


Joseph A, Holmes Safety Association 


H. FOSTER BAIN 
T. T. READ 


Executive Committee 

W. H. BIXBY 
GEORGE S. RICE* 
JOHN L. LEWIS 


J. F. CALLBREATH 
WILLIAM GREEN 


Hero Medal Committees 

Minir^g and Quarrying Industries 
ROBERT LINTON EDGAR WALLACE 

Metallurgical and Other Industries 
GALEN H. CLEVENGER JOHN TURNEY 


J. W. PAUL 

VAN H. MANNING 


• A. I. M. E. t A. 8. M. E. 

* nium. Engr. Soo. 

* Amer. Soo. Automot. Engn. 

* Amer. Soo. Heat, and Vent. Engrs. 

* Amer. Soo. Refrm. Engra. 

* Amer. Welding Soo. 

* Weetern Soo. Engre. 

*Amer. Soo. for Steel Treating 

* Appointed by See. of Nary. 


: A. I E. E. ^ A. S. C. E. ft A. S. T. M. 
* Invonton* Guild. 

** Amer. Eleetroohem Boo. 

** Amer. Soo. Aeronaut. Engra. 

** Amer. Chem. Boo. 

** War Com. Teeh. Soo. 

** Amer. Aeronaut. Soo. 

*• Amer. Boo. Automot. Bngra. 
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BBFBBSBNTATtVBS IN OTHBB OBGANIZATIONS 


American Aaaodation for Advancemrat of Sdenoe 

A, X. M. S, R€pr§9mUaH9$9 

WALDEMAR LINDOREN ALBERT 8AUVEUR 

Also repreientatiyeB of about forty other aasooiatSoiiB. 


Washington Award Commission 


EDGAR S. NETHERCUT. Secretary 
CHARLES H. MaoDOWELL* HERBERT S. PHILBRlCKf 
F. K. COPELAND* CHARLES R. RICHARDSf 

JOHN PRICE JACKSONt D. H. MAURY} 

CHARLES P. SCOTTt C. A. MORSEI 

R. C. MARSHALL, JR.^ W. L. ABBOTT} 

W. H. FINLEY^ ANDREWS ALLEN} 


J. L. HECHT, 
W. W. DbBERARD 
H. H. CLARK 
GEORGE W. HAND 
PAUL WESTBURG 


Franco-American Engineering Committee 

(Organised 1919 to foster engineering relations between France and America) 


GEORGE F. SWAINS 
F. G. COTTRELL* 


ARTHUR S. DWIGHT* 
CHARLES T. MAINt 
GEORGE W. FULLERt 


L. B. STILLWELL! 
A. M. HUNTi 


American Bureau of Welding 

A, 7. M. B, ReprMMtaHw 
BRADLEY STOUGHTON 


Joint Conference Committee of Founder Societies 


ROBERT RIDGWAY^ 

GEORGE T. SEABURY^ 

►A. I. M. E. t A. S. M. E. 


J. V. W. REYNDERSt* Chairman 
FREDERICK F. SHARPLESS,* Secretary 


W. F. DURANm 
CALVIN W. RICIEt 

t A. 1. E. E. ^A. S. C. £. 


FARLEY OSGOODl 
F. L. HUTCHINBONt 

} Western Boo. Engrs. 
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Birmingham Meeting, 1924 

The 130th Meeting of the Institute was held at Birmingham, Ala., Oct. 
13 to 15, with visits to other mines and districts. There were 71 members 
and guests on the special train from Washington; 55 from outside of Bir- 
mingham and 183 local members and guests made the total registra- 
tion 309. 

The party assembled at the New Willard Hotel, Washington, ^D. C., on 
the afternoon of Oct. 7. The men visited the Bureau of Standards and 
the Bureau of Mines; the women enjoyed an automobile sightseeing trip 
around Washington. In the evening a banquet was given by the Wash- 
ington Section. George S. Rice, chief mining engineer of the Bureau of 
Mines, presented the Hon. Herbert Hoover as toastmaster; the speakers 
were President William Kelly and Past-President Arthur S. Dwight. 
The dinner was followed by dancing until midnight, when the party left on 
the special train for the South, The next day was spent in visiting the 
Luray Caverns and the Grottoes in the Shenandoah Valley. 

Wednesday evening the special train arrived at Roanoke where a brief 
reception was held at the Hotel Roanoke and plans were outlined for the 
coal mines trip the following day. Edmund C. Pechin, one of the two living 
Founder Members of the Institute, resides within 20 miles of Roanoke 
but could not be present to greet the members. He is approaching his 
90th year and, although in good health, could not attend the reception 
because it occurred in the evening. He would have done so, had it been 
held in the afternoon. Cordial greetings were sent to him by the mem- 
bers present. 


Visit at Bluefield 

Thursday found the party at Bluefield, W. Va., by invitation of 
the Pocahontas Operators Association. An illustrated booklet giving 
the geology and history of the Pocahontas district and a mile to mile 
itinerary of the 90-mile automobile trip through the coal fields, was dis- 
tributed. In the booklet was an extract from the proceedings of the 
meeting of the Institute held in Roanoke, Va., in 1883, and a list of the 
members present at that meeting. John Graham, who was present at 
that meeting, was one of the hosts this year. Col. Edward O'Toole was 
a most excellent host at the U. S. Steel Corpn.'s headquarters at Gary. 

Visit at Mascot and Copperhill 

Mascot, Tenn., was reached on Friday morning, the 10th. The 
party alighted on the property of the American Zinc Co., where a large 



xxxiv 


BIRMINGHAM MEETING, 1924 


tent served as an office for any requiring such service. A nicely printed 
program of the day and a visitor’s card to the Cherokee Country Club 
were given to each member of the party, through the courtesy of J. H. N. 
Houser, general manager of the Tennessee Copper Co. The Tennessee 
Geological Survey had prepared and labeled for each member a package 
containing a marble bulletin, a zinc map, a state map, and a mineral 
map. The party was then conducted underground where the mining 
methods were explained by H. A. Coy, mine superintendent. A trip 
was made through the jig and dotation plants, after which the party was 
taken to Community Hall for luncheon. At each cover was placed a 
carton containing a bottle of white zinc oxide and one with jig and flota- 
tion tailings, souvenirs of the American Zinc Co.; also a black leather 
sack filled with Mascot lime, by the American Limestone Co., of Knox- 
ville. Brief addresses of welcome were given by H. 1. Young, the 
manager, and H. A. Coy; they were responded to by President Kelly and 
Arthur Thacher. 

In the afternoon, the golfers were taken to the Country Club; the 
rest of the party were either taken on sightseeing trips through the city 
of Knoxville or to the various famous marble quarries within a radius of 
15 or 20 miles and to the mill of the Knoxville Marble Co., where cutting 
and polishing the marble was shown and paper weights of polished marble 
were distributed. 

In the evening, there was a formal dinner at the Whittle Springs 
Hotel. Col. William S. Shields, president of City National bank, was 
toastmaster. Director Frank Bane, of the Department of Public 
Welfare, welcomed the guests to the city. Other speakers were President 
William Kelly, Dr. Harcourt A. Morgan, president of the University 
of Tennessee; Past-President P. N. Moore, of St. Louis, and Wilbur 
Nelson, state geologist. 

Saturday morning, the special train left Knoxville and arrived at 
Copperhill at noon. An attractive eight-page folder, describing the 
plant and operations to be visited, and a train schedule to the various 
places were distributed as the members of the party left their train for 
the special train of the Tennessee Copper Co., which took the party to 
the plant. Luncheon was served in the clubhouse of the Cowanee Club 
of the Tennessee Copper Co. At each cover was a large ash tray of 
T. C. Co. blister copper as a souvenir. J. N. Houser welcomed the 
party to Copperhill; his toast was responded to by President Kelly and 
E. F. Eurich, who told of the camp and plant as they were when he was 
employed here just after his graduation in 1866. After luncheon, the 
party visited the London shaft and flotation plant, then the McPherson 
shaft of the Burra Burra mine where some went underground while the 
rest visited the smelter and acid plant at Copperhill. 
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Chattanooga and Birmingham 

Sunday morning, the party arrived in Chattanooga. The Engineers’ 
Club of that city provided automobiles for trips to the battlefields at 
Lookout Mountain, Missionary Ridge, and Chicamauga and conveyed 
the party to the Signal Mountain Inn for luncheon. 

Sunday night, the special train reached Birmingham. Very attrac- 
tive and elaborate booklets, entitled Little Journey in the Birming- 
ham District,” and '^Mining and Steel Making Methods in Alabama,” 
published by the Tennessee Coal, Iron & Railroad Co., together with 
tickets for all the functions, were distributed to the members and guests 
as they registered. 


Technical Sessions 

Monday was devoted to technical sessions held at the meeting head- 
quarters at the Tutwiler Hotel. 

Morning Session 

Chairman, George Gordon Crawford 

Coal Washing Practice in Alabama. H. S. Geismer. 

Byproduct Coking in Alabama. F. W. Miller. 

Alabama Coal Mining Practice. Milton H. Fies. 

Afternoon Session 

Chairman, Frank H. Crockard 

Blast-furnace Practice in Alabama. H. E. Mussey. 

Steel Making in Alabama. J ames Bowron. 

Production of Ferrophosphorus in the Electric Furnace. Theodore Swann. 
Manufacture of Ferrophosphorus at Rockdale, Tenn. James A. Barr. 

Manufacture of Cast-iron Pipe in the South. Richard Moldenke. 

Evening Session 

Chairman, T. H. Aldrich, Sr. 

Economic Geology of the Birmingham District, Alabama. Ernest F. Burchard 
and Charles Butts. 

Red Iron Ore Mining Methods in the Birmingham District. W. R. Crane. 

Roof Support in the Red Ore Mines of the Birmingham District. W. R. Crane 

Visits in the Birmingham District 

Tuesday and Wednesday the entire party was taken by special 
trains, provided by the Alabama Mining Institute, to many of the 
mines and plants. A barbecue was given at Bayview by the Ten- 
nessee Coal, Iron & Railroad Co., and on Wednesday another was given 
at the Phoenix plant of the Phoenix Portland Cement Co. 
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Tuesday night there were two dinners at the Tutwiler. One was 
for those interested in the subject of industrial relations; the other 
was given by the Directors of the Institute and many yoimger members 
of the Institute were among the guests. At the latter, there was a 
general discussion of Institute affairs and con Crete suggestions for progress. 
Following the dinners, in the Phillips High School Auditorium, the Colored 
Concert Choir of the Sixteenth Street Baptist Church rendered a program 
of southern songs in a dialect and manner new to the northern visitors. 
Moving pictures of the diversified interest and activities of the district 
were shown by the Alabama Power Co. 

Wednesday night, a banquet and a dance were given at the Birmingham 
Country Club by the Alabama Mining Institute. George G. Crawford 
was toastmaster and his welcome to Birmingham was responded to by 
President William Kelly. The principal speaker of the evening was 
J. V. W. Reynders, first vice-president of the Institute. 

John MacLeish, Director of Mines Branch, Department of Mines of 
Canada, was the last speaker; he voiced his appreciation of the Birmingham 
district and conveyed the felicitations of the Canadian Mining Institute, 
which he represented. 

Thursday afternoon was spent inspecting the Wilson Dam and U. S. 
Nitrate Plant at Muscle Shoals. 
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Institute of Metals Division Meeting 

The annual joint meeting of the Institute of Metals Division and the 
American Foundiymen^s Association was held at Milwaukee, Wis., 
Oct. 6-11. At the Non-ferrous Metals Session, the following papers 
were presented: 

Casting and Heat Treatment of Some Aluminum-Copper-Magnesium Alloys. Sam- 
uel Daniels, A. J. Lyon, and J. B. Johnson. 

Experiments on the Heat Treatment of Alpha-Beta Brass. O. W. Ellis and D. A. 

SCHEMNITZ. 

Coatings Formed on Corroded Metals and Alloys. Geobgb M. Enos and Robebt 
J. Andebson. 

Hardness of Heat-treated Aluminum Bronze. Geobgb P. Comstock. 
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New York Meeting, 1925 

The 131st meeting of the American Institute of Mining and Metal- 
lurgical Engineers was held in New York on Feb. 16 to 20, 1925, with a 
lai^r registration than at any previous meeting, the total being 1320. 

Dr. John A. Mathews, of New York, delivered the Henry M. Howe 
Memorial lecture; the title of his lecture was “Austenite and Austen- 
itic Steel.” 

Dr. Carl Benedicks, of Sweden, delivered the annual lecture of the 
Institute of Metals Division; the title of his lecture was “Studies on the 
Corrosion of Condenser Tubes with Special Reference to Hot-wall Action 
and Segregation.” 

Considerable interest was shown in the various symposiupas. The 
annual symposium on petroleum is now looked forward to by all persons 
interested in oil and gas. The coal and coke s 3 Tnposium aroused so 
much discussion that an extra session was necessary for the presentation 
of the papers. At joint sessions with the Mining Section of the National 
Safety Council, under the auspices of the Industrial Relations Com- 
mittee, rock dusting was discussed. 

A joint meeting with the Mining and Metallurgical Society of America 
and the Mining Section of the National Safety Council was held. 

The Committee on Mine Ventilation held its first meeting at which 
it discussed ways of attaining the purposes for which it was formed. 
Special luncheons and dinners were held by the Mining Methods Com- 
mittee, which was followed by a general conference; Milling Methods 
Committee, Industrial Relations Committee, Iron and Steel Committee, 
and the Institute of Metals Division. 

At the aimual business meeting on Feb. 17, the following ticket was 
elected, and the reports of the President, Treasurer, and Secretary were 
presented: 

J. V. W. B«ynders, Director and President; John L. Agnew, Director and Vice- 
President; Ralph H. Sweetser, Director and Vice-President; Sydney H. Ball, Director; 
George D. Barron, Director; William H. Bassett, Director; J. M. Callow, Director; 
Charles F. Rand, Director. 

E. De Golyer was elected First Vice-President; Charles F. Rand, 
Treasurer; Frederick F. Sharpless, Secretary; and Percy E. Barbour, 
Assistant Secretary, at the meeting of the Directors on Tuesday evening. 

The Local Sections representatives met at 10 o’clock on Wednesday 
morning for the ustial exchange of views regarding local section activities. 
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This meeting has become increasingly interesting and this year an extra 
session was held immediately after luncheon. 

As usual a buffet luncheon was served each noon at the Institute 
Headquarters, members of the Woman's Auxiliary participating; these 
luncheons also were more largely attended so that the capacity of the 
fifth floor was severely taxed. Special luncheons and dinners were held 
by the Mining Methods Committee, Milling Methods Committee, Indus- 
trial Relations Committee, and the Institute of Metals Division. 

On Monday afternoon a bronze tablet of Dr. Rossiter W. Raymond was 
unveiled in the lobby of the Engineering Societies Building, with appro- 
priate ceremony. 

The Annual Smoke was held in the Caf6 Savarin, in the Pershing 
Building, on Monday evening. On Tuesday evening there was the 
usual informal dance at Institute Headquarters. 

There were 727 guests at the Annual Banquet at the Waldorf, on 
Feb. 18, making this the largest banquet given at an Institute annual 
meeting. W. L. Saunders was toastmaster. B. B. Thayer, Chairman 
of the James Douglas Medal Committee, presented the name of William 
H. Bassett for the 1925 award of the James Douglas gold medal, and J. V. 
W. Re 3 mders, President of the Institute, presented the medal and 
diploma. Addresses were made by William Kelly, retiring President; 
Hon. Charles McCrea, Minister of Mines for the Province of Ontario, 
Canada; Maj.-Gen. Charles P. Summerall, Commanding Second Corps 
Area, which includes New York; and J. V. W. Reynders, the new Presi- 
dent. 

On Thursday, more than 300 members and guests went by special 
train to the Naval Air Station at Lakehurst, N. J. Naval oflScers were 
in attendance to explain the station and ships. A luncheon was served 
in the Air Station theater, following which Dr. R. B. Moore gave a brief 
talk on helium, its method of recovery, and repurification. 

On Friday, at the invitation of President C. W. Nichols, the non- 
ferrous metallurgical group visited the metallurgical plant of the Nichols 
Copper Co. at Laurel Hill, L. I. After examining the plant the members 
were entertained at luncheon by the plant officials. 

The Woman's Auxiliary had its usually very full and interesting pro- 
gram for each day of the meeting. 

Technical Sessions 
Institute of Metals Division 
George K. Elliott, Chairman 

New Developments in High-strength Aluminum Alloys. Robert S. Archer and 
Zat Jeffries. 

Etching Aluminum and Its Alloys for Macroscopic and Microscopic Examination. 
Fulton B. Flick. 
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Scratch and Brinell Hardness of Severely Cold-rolled Metals. M. F. Fooler and 
E. J. QtriNN. 

Eutectic Patterns in Metallic Alloys. C. H. Green. 


Wm. M. Corse, Chairman 

X-Ray Evidence versus the Amorphous Metal Hypothesis. Robert J. Anderson. 
and John T. Norton. 

The Malleability of Nickel. Paul D. Merica and R. G. Waltenberg. 
Recrystallization and Grain Growth in Soft Metals. Maurice Cook and Ulick R. 
Evans. 

Determination of Structural Composition of Alloys by a Metallographic Planimeter. 
E. P. POLUSHKIN. 


George C. Stone Chairman 

Corrosion of Copper Alloys in Sea Water. William H. Bassett and C. H. Davis. 
Tantalum, Tungsten and Molybdenum. E. W. Engle. 


Coal and Coke Sy mposium 

David White, Chairman 

Environmental Conditions of Deposition of Coal . David White . 

Microscopical Constitution of Coal. Reinhardt Thiessen. 

Microstructure of Coal. Clarence A. Seyler. 

Microscopical Structure of Anthracite. Homer G. Turner. 

Coal in Relation to Coke. Edward C. Jeffrey. 

The Resolution of Coal by Oxidation. W. Francis and R. V. Wheeler. 

Constitution of Coal. F. V. Tideswell and R. V. Wheeler. 

Organic Sulfur Compounds in Coal. J. Jolly and R. V. Wheeler. 

Selective Combustion in Coal. F. S. Sinnatt. 

Nitrogenous Constituents of Coal. John W. Cobb. 

Coal and Oxygen. Samuel Wilson Parr and F. B. Hobart. 

A Modern View of the Chemistry of Coals of Different Ranks as Agglomerates. Arno 
Carl Fieldner and J. D. Davis. 

Contact Metamorphism of Some Colorado Coals by Intrusives. J. Brian Eby. 
The Progressive Regional Carbonization of Coal. David White, 

Moisture as a Component of Volatile Matter of Coal. William Taylor Thom, Jr. 

Petroleum 

E. De Golyer, Chairman 

Conservation of Oil. Henry L. Doherty. 

World Production of Petroleum in 1924. E. Db Golyer. 

Bearing of Price on Oil Reserves. J oseph E. Pogue. 

Ratio of Peak Production to Estimated Total Production in Certain Oil Fields. G. 
B. Richardson. 

First Test of the Clinton Oil Sand in West Virginia. David B. Reger. 

Value of Aerial Photographic Surveying and Mapping to Petroleum Companies. 
H. Case Willcox. 
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Aerial Photographic Maps. Gbrabd H. Matthes. 

Development during 1924 in: 

Pennsylvania and New York. Meredith E. Johnson. 

West Virginia. David B. Reger. 

Ohio. J. A. Bownocker. 

Kentucky and Tennessee. Wilbur A. Nelson. 

Indiana. W. N. Logan. 

Illinois. G. F. Moulton. 

Gulf Coast. David Donoghue. 

Texas Outside of the Gulf Coast District. F. H. Lahee. 

Oklahoma. R. S. McFarland. 

Kansas. Everett Carpenter. 

Montana. Max Bauer. 

Wyoming. E. L. Estabrook. 

Colorado. C. H. Wegemann. 

Mexico. Valentin R. Garfias and R. V. Whetsel. 

Venezuela. Edwin B. Hopkins and H. J. Wasson. 

Peru. V. F. Marsters. 

Colombia. L. G. Huntlet. 

France. P. Martignan. 

Poland. Leon Orlowski. 

Rumania. George Anagnostache. 

Canada. G. S. Hume. 

Russia. A. Beeby Thompson. 

Cuba. Ralph Arnold. 

The Jurassic as a Source of Oil in Western Cuba. Albert Wright, Jr., and P. W. K. 
Sweet. 

Increasing Production of Petroleum by Increasing Diameter of Wells. Lester C. 
Uren. 

Significance of Fluid Level in Oil Well Pumping. Lester C. Uren. 


Mining Methods — Metal 

R. M. Raymond, Chairman 

Methods of Mining and Ore Estimation at Lucky Tiger Mine, Sonora, Mexico. R. T. 
Mishler and L. R. Budrow. 

Mining Methods of Jarbidge District, Nevada. John Park. 

Mining Methods at Cornucopia, Oregon. Robert M. Betts. 

Mining Methods in Zaruma District, Ecuador. Rudolph M. Emmel. 

Mining Methods at the Homestake. A. J. M. Ross and R. G. Wayland. 

Mining Methods — Coal 

Thomas H. Clagett, Chairman 

Systems of Coal Mining in Western Washington. Simon H. Ash. 

Method of Mining a Steeply Pitching Anthracite Vein by Successive Skips. J. S. 
Miller. 

Simultaneous First and Second Mining on Steep Pitches. Dever C. Ashmead. 
New Orient, an Unusual Coal Mine. George B. Harrington. 

Properties of Liquid Oxygen Explosives. G. St. J. Perrott. 
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Coal 

C. M. Lingle, Chairman 

Ultimate Recovery from Anthracite Beds. Henry H. Otto. 

Schedule Rating Coal Mines in Pennsylvemia for Compensation Insurance Rates. 
Rush N. Hobleb. 

Application of Gaussian Curves to Mining Industry. Hugh Archbald. 

Joint Meeting Coal and Petroleum 

S. A. Taylor, Chairman 

Safeguarding Coal Mining Operations against Danger from Oil and Gas Wells. A. 
W. Hesse. 

Belt Conveying of Coal, H. C. Frick Coke Co. Mines. Illustrated with Motion 
Pictures. Thomas W. Dawson. 

Analysis of the Performance of the Coal Jig. H. F. Yancey and Thomas Fraser. 

Ground Movement and Subsidence 

Louis S. Cates, Chairman 

Factors Affecting Bank Slopes in Steam-shovel Operations. Louis S. Cates. 

Mine Support and Mine Subsidence in the Birmingham Districts. W. R. Crane. 
Rock Bursts and Bumps. George S. Rice. 

Non^metallic Minerals 

Heinrich Ries, Chairman 

Limestone Production as a Mining Problem. J. R. Thobnen. 

Engineering in Limestone Production. C. C. Griggs. 

Manufacturing Problems of Cement Industry. John J. Porter. 

Rotary Calciners for Gypsum. Frank A. Wilder. 

Phosphate Deposits of Idaho and Their Relation to the World Supply. VIrgil R. 
R. Kirkham. 


Milling Methods 

Charles E. Locke, Chairman 

Recent Developments in Fine Grinding and Treatment of Witwatersrand Ores. 

Carl R. Davis, J. L. Willey, and S. E. T. Ewing. 

Determination of Dissolved Oxygen in Cyanide Solutions. A. J. Weinig and Max 
W. Bowen. 

Precipitation Efficiency of Zinc Dust in Cyanide Process. Robert Lepsoe. 

Studies on the Precipitation of Gold and Silver on Charcoal from Cyanide Solution. 
John Gross and J. Walter Scott. 

Non-ferrous Metallurgy 

E. P. Mathewson, Chairman 

Redistillation of Zinc. Kurt Stock. 

High Zinc in Lead Blast Furnace Slags. Fred E. Beasley 
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A New Roasting Furnace for Zinc Flotation Concentrate. Chables H. Fulton and 
J. Bubnb Read. 

Application of Pulverized Coal to Copper Refinery Furnaces. E. W. Steele. 

Recovery of Arsenic and Other Valuable Constituents from Speiss. C. P. Linvillb. 

Iron and Steel 

R. H. SwEETSEB, Chairman 

Manganiferous Iron Ores of Cuyuna District, Minnesota. Carl Zapffe. 

Economics of the Cu3runa Manganiferous Iron Ores. C. P. McCormack. 

Probable Error in Blast Furnace Records and Calculations Therefrom. T. T. Read. 
Reduction of Iron Ores by Carbon Monoxide. Heihachi Kamura. 

Effect of Sulfur on Blast Furnace Process. T. L. Joseph. 

Albert Sauveur, Chairman 

Chemical Equilibria during Solidification and Cooling of White Cast Iron. H. A. 

Schwartz and (Mrs.) Anna Nicholson Hird. 

Some Factors Affecting the Elimination of Sulfur in the Basic Open Hearth Process. 

C. H. Herty, Jr., A. R. Belyea, E. H. Burkart, and C. C. Miller. 

Finishing Melting Temperatures of Simple Ingot Steels. Henry D. Hibbard. 

The Reaction between Manganese and Iron Sulfide. C. H. Herty, Jr. and 0. S. 
True. 

Brief History of Metallurgical Practice in Cannon Making with Particular Reference 
to the Cast Iron Gun. Job Goostray, R. F. Harrington, and M. A. Hosmer. 

Joint Session with the Mining Section of the National Safety Council 

Prevention of Coal-dust Explosions 

Benjamin F. Tillbon, Chairman 

Review of Coal Dust Investigations. George S. Rice. 

Economics of Rock Dusting Bituminous Coal Mines. Edward Steidle. 
Determination of Suspensoids by Alternating Current Precipitators. Philip 
Drinker, andR. M. Thomson. 

Value of Humidifying Methods in Explosion Prevention in Coal Mines. Daniel 
Harrington. 

American Recommended Practice for Rock Dusting Specifications: Report of Sub- 
committee of the Mining Correlating Committee on Rock Dusting. E. A. Hol- 
brook. 

Silicosis and Its Prevention, Illustrated with the film, “The Dust That Kills.“ R. R. 
Sayers. 

Joint Session with National Safety Council and Mining and Metallurgical 
Society of America:^ under the Auspices of Industrial Relations Committee 

R. M. Catlin, Chairman 

Maintaining Interest in Safety. C. B. Auel. 

Essential Factors of Industrial Relations. C. F. Dietz. 
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Environmental Conditions of Deposition of Goal 

By David White, D.S.,* Washington, D. C. 

(New York Meeting, February, 1925) 

The environmental conditions under which coals are deposited 
are revealed by the stratigraphy of the coal basins and coal beds and by 
the details of the structure and the physical constitution of the 
coals themselves. 

The Land Surface 
Generally Low Relief or Base Level 

In the Paleozoic coal fields, which have longest been worked, are most 
important, and are best known, we find relations, in general, as follows: 
A post-Mississippian uplift with, in most cases, very moderate deforma- 
tion, followed by erosion by which the uplifted regions, especially the 
bolder of the new topography, were largely worn down, while the older 
and less deformed regions were more or less extensively base leveled. 
Base leveling of most of the region continued as the deposition of coal 
measures proceeded. Consequently, in most coal fields the Pennsyl- 
vanian, or upper Carboniferous, lies unconformably on the Mississippian 
or on older formations. There are but few regions in which sedimen- 
tation is seen to have been apparently continuous from the Mississippian 
into the Pennsylvanian “Coal Measures.” 

Aa»s of Greatest Si^sidence Flanks Axis of Upwarp 

In most regions the initial deposition of “ Coal Measures ” took place 
in a narrow trough lying at the foot of and parallel to an axis of post- 
Mississippian uplift. The early “Coal Measures” deposits consist 
largely of sand with conglomerate, sometimes in great amounts, derived 
from the upwarping area. Generally, only fresh- or brackish-water 
deposits are found over the greater part of these initial basins, most of 
which are in the form of long narrow estuaries, or elongated fluviatile 
and lacustrine basins. 

Expansion of Early Basins 

In every case, there is evidence of filling of the early narrow basin, 
with lateral extension of the area of sedimentation; but it is to be noticed 

♦Senior Geologist, U. S. Geological Survey. 
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that the encroachment was relatively restricted on the side toward the 
uplifting axiS; though this is the side of deposition in greatest thickness, 
both because most of the clastic sedimentary material was derived from 
this side and because the greatest subsidence or depression of the trough 
occurred here. Meanwhile the axial land mass itself was in most cases 
uplifted in intermittent or irregular movements of slight or minor magni- 
tude. On the opposite side of the basin, the surface of the ‘‘Coal Meas- 
ures” sediments extended farther and farther inward over the opposite 
lowland coast. Thus, a broadening area, including as its eccentric focus 
the initial basin, was subsiding and being filled, usually with some warping 
of the underlying land mass, as the area of sedimentation encroached 
farther and farther on the base-leveled region of the continental mass, 
or across the lowlands and marshes of the fresh-water basin. Normally, 
this continued until toward the close of coal-measures deposition, when 
incipient deformation took place, with the development of new areas of 
uplift and restriction of the areas of sedimentation — ^movements that, in 
most cases, were more or less unfavorable for the deposition of coals. 
The movements appear to have been isostatic. 

The progressive steps in the development of the typical “Coal 
Measures” basin just outlined are seen in most European as well as in 
American coal fields. In the Appalachian region, the comparatively 
narrow trough of early Pennsylvanian (lower Pottsville) deposition lies 
at the eastern margin, including the Coosa and Cahaba basins in Ala- 
bama. The easternmost tip of the Pocahontas region is dipping down 
from the west into the basin, while Pottsville, Pennsylvania, is apparently 
well down toward the bottom on the western slope of the early trough. 
Likewise, in the mid-continent region, the earliest “Coal Measures” of 
Texas flank the Llanorian uplift, on the east, and the tremendous thick- 
ness of Pennsylvanian in Arkansas and Oklahoma lies in the early Oua- 
chita axis on the north of Llanoria. Here the early “Coal Measures” 
deposition gradually encroached farther to the north and, in late Potts- 
ville time, a comparatively narrow estuary or valley extended from the 
region embracing Vinita and Bartlesville, Okla., northeastward across 
southeastern Kansas and northwestern Missouri into Iowa, where it 
apparently shoaled out broadly. The deposits of latest Pottsville age 
embracing the Bartlesville oil sands in this basin, were probably derived 
from the now buried Nemaha Mountains. The Paleozoic coals of the 
Rocky Mountain region were similarly laid down along the flanks of the 
post-Mississippian uplifts. 

Unstable Levd 

The great variability in the composition of the “Coal Measures” 
sediments, which range from coals, fine silts, and limestones through 
sandy shales, shaly sandstones, and sandstone to coarse conglomerates, 
which often seem irregularly distributed in the vertical column, reflects 
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and proves the instability of the continental region in which they were 
laid down and, in particular^ of the land mass whence the sediments of 
terrestrial origin were largely derived. The occasional presence of lime- 
stones and other deposits carrying marine fossils, which occur here and 
there between other beds carrying brackish- or even fresh-water fossils, 
unmistakably proves either fluctuation of the sea level (that is, rising and 
falling of the land), or exclusion of the sea at times as the result of tilting 
of the regions or the formation of barriers. Generally it is the former. 
Both causes have operated in different regions and, at different times, in 
the same region. It is, however, to be noted that the seas which invaded 
the early narrow estuaries or spread out over the broad flood plains and 
base-leveled regions were never deep. Probably, in most of our large 
coal fields the surface of sedimentation seldom or never lay as much as 200 
ft. below tide level, and then only for intervals. Much of the time, on 
the other hand (at least during the times of deposition of coals of com- 
mercial purity) the sea was excluded from the region of coal formation. 

Contemporaneous Erosion Common 

Under the conditions prevailing, the occasional erosion of newly 
formed sandstones, shales, or coals in consequence of exposure or slight 
local or regional deformation was normal, as also were the consequent 
local unconformities and the deposition of heavy outwash sandstones or 
conglomerates as the result of elevation of the sources of supply and 
acceleration of the drainage flowing into the basin. It was under pre- 
cisely such conditions that the Mahoning sandstone, which over consider- 
able areas is somewhat conglomeratic, was laid down; the Homewood 
sandstone, which marked a change in the elevation of the shore regions 
as well as slight differential movement in the interior of the basin; or 
the Sharon conglomerate, the Raleigh sandstone, etc. The Raleigh 
sandstone, which lies at the base of the middle Pottsville, is restricted to 
a relatively narrow zone in and bordering the axial basin of early Potts- 
ville deposition. Analogous conditions prevail in the mid-continent and 
southwestern regions. 

Invasions of the Sea 

Most, if not all of the limestones of the lower Conemaugh and older 
Pennsylvanian formations of the Appalachian trough, and apparently 
all of the limestones in the interior and western ‘‘Coal Measures” 
basins are definitely marine, though many of them bear evidence of having 
been laid down nearly up to tide level, with very shallow covering of 
water. This is proved by wave and ripple effects, by the earthy material 
included in many of them, by the character of their contacts, by the 
occasional presence of vascular plants rooted in hollows and crevices, and, 
very rarely, by the development of soils that in some places lie immedi- 
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atdy on the surface of the thin limestones, as is described by Hinds 
and Green.^ Some of the thin earthy limestones are mud-cracked. 
Sometimes the transition from the marine bed, especially a limestone bed, 
to the Stigmaiia underclay is abrupt; more often shales and sandstones 
intervene. Frequently, the “underclay” beneath the coal lies on sand- 
stone, though prevailingly it lies on shales. Very rarely it lies, with 
slight intercalation of carbonaceous mud, on another coal. 

The Swamp Environment 

Freshwater Swamps the Site of Ordinary (TToody) Coal Formation 

The typical Stigmaria clay that almost invariably imderlies the Paleo- 
zoic coal is familiar alike to the engineer and geologist, who usually style it 
erroneously as fireclay. The innumerable rootlets and the larger roots of 
Stigmaria are nearly always conspicuous or may be readily found in these 
clays though, on account of lack of close attention, the obvious evidence 
of growth in place is not so commonly noted. The miners are apt to 
identify the larger roots as “snakes,” in which case, naturally, rootlets 
and growth in place are not looked for. 

Old Soils under Coal Beds 

Careful observation of the vmderclays beneath different coals and in 
different regions shows not only that the Stigmarise are generally in place 
of growth,^ but that the underclays occasionally embrace debris of land 
plants that have become covered in the course of deposition. Roots of 
ferns or cycadofilic trunks, also in place of growth, are common and, 
where sandy, Calamarian types; for the Calamarian group always grew 
in wet soil, some of the types favoring wet sands, just as do most of the 
living Equiseta of the present day. 

The building up of the imderclay by further sedimentation under a 
very thin, and, probably fluctuating, water cover often took place, in 
which cases root systems developed at successively higher levels from 
the larger plants, as was shown by Grand’Eury.* Marine fossils are 
not found in the typical underclay and even brackish-water fossils are 
practically unknown except in very rare occurrences of carbonaceous 
“slate” or somewhat bony black stuff between the pure coal and 
the underclay. 

The typical imderclay is now known to be an old soil formed in a 
swamp. Its upper portion, at least, is non-marine and non-brackish; it 
is terrestrial and was, at times, subaerial; that is, exposed land. 

* H. Hinds and F. C. Green: The Pennsylvanian of Missouri: Report Missouri 
Bur. of Mines and Geol. (1915). 

* J. J. Stephenson: Proc. Amer. Phil. Soc. (1916) 21; (1917) 63; (1918) 1. 

* F. C. Grand’Eury: Recherches Gfobotaniques sur les Forets et &ls Fossiles, 
etc., pts. I-III (1912-1914). 
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Water in Swamps 

The nearly omnipresent Stigmarisa are the rhizomes and roots of 
different types of the giant Paleozoic lycopods of the groups Sigillaria, 
Lepidodendron^ Bothrodendron, Lepidophloios, etc., which were the 
dominant trees of the Carboniferous swamp forests. These trees were 
adapted to growing in swamps in which a shallow cover of water was 
normally present, very much as in our southern Atlantic coast swamps, 
during the larger part, at least, of the year.^ The roots, by their spread 
near the surface, their organization or structure, and the characters of 
their rootlets, such as air chambers and the absence of root hairs, were 
adapted to growing flatwise near the surface of the mud in a wet swamp. 
Some of the Stigmarise had knees similar in development and disposi- 
tion to those seen in the bald cypress growing in the water-covered 
swamps of our Southern States. Both knees and trimks were provided 
with hydathodes and pneumatophores to regulate water content and 
furnish air supply to the roots. Further, the bases of the tnmks of the 
common Sigillaria and Lepidodendron were dilated abruptly for two or 
three feet above the roots and were provided with special structural 
features, just as are the gums and cypress trunks occurring in the water- 
covered swamps of the present time. The dilations mark the ordinary 
water level in the swamp. These features have been strikingly illustrated 
by Potonie.^ The rootlets of the fern trunk contained gum canals, and 
the Calamarian roots had air spaces; all indicative of an aqueous habitat. 

Most of the giant lycopods of the early and middle ‘^Coal Measures^' 
were heterosporous; that is, they bore two types of spores, one large and 
one small, of different sexes. These spores, as will be pointed out later, 
were provided with thick resinoid or waxy-resinous outer envelopes 
(exines) to prevent decay in water, and the perpetuation of the species 
was largely dependent on the water cover of the swamp to drift megaspore 
and microspore into conjunction. 

In fact, it will be seen that when, due to climatic changes, the per- 
sistence of the water cover in the swamps became too imcertain the giant 
lycopods waned and soon disappeared, other types of trees, verging into 
the orders of coniferous gymnosperms, and giant tree ferns taking 
their places. 

Swamps Generally Forest Covered 

The typical coal bed, of commercial purity, laminated and of wide 
extent, is only a compressed, reduced, lithified, and more or less altered 
peat. Not only is it a swamp deposit, as illustrated by Doctor Thiessen,* 

^D. White: The Carbonaceous Sediments; in Treatise on Sedimentation, by 
W. H. Twenhofel and others; MS. is in hands of editor. 

* H. Potonie: Entstehung der Steinkohle (1920) 6th ed., 118, 188. 

• Miorosoopioal Constitution of coal; see p. 35. 
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but it is distinctly a fresh-water swamp deposit. Both the plants from 
whose debris the coal is formed^ as shown by the microscopical study of 
the fuels, and the fossil plants associated with the coal beds (those found 
in the shales or sandstones immediately overlying the coal and those 
present in the clay partings within the coal bed itself) are land plants, 
vascular, and more or less woody in composition, belonging to the Pteri- 
dophytes and higher orders of plant life. In general, they grew on or 
near the spot where their debris is foxmd. Those accompanying and 
composing the coal in the exclusively fresh-water basin are indistinguish- 
able from those accompanying coals not only in the fresh-water zones of 
formations carrying marine horizons, but even in measures where the 
underclays and overlying coals are intercalated in series distinctly marine; 
as in Missouri where, extremely rarely, limestones lie immediately 
beneath the imderclay, and marine fossils mingle with fossil-plant debris 
in the roof shales. Similar relations between the coal and fossiliferous 
marine beds may be foimd locally at the level of the Ames limestone or in 
the Mercer shale in western Pennsylvania. 

Plants Forming Ordinary Coals Not Halophytic 

The typical coal-forming vegetation did not and could not live in salt 
or brackish water. No vascular plant forms have yet been recognized 
as distinctive of the coal deposits laid down in areas of proximity to sea 
level, like the Eastern Interior coal field where temporary subsidence of 
the land or the breaching of bars, such as invariably characterize the 
borders of a subsiding base level coast, so often permitted the sea to 
overwhelm and kill the coal-forming swamp vegetation. The features 
of the underclay, the plants forming the coals, the bedding and even the 
lamination of the coals reveal no appreciable or essential distinction 
between the coals of the distinctly fresh-water basins and those laid down 
in the great lowland swamps of areas like the Illinois-Indiana and the 
Missouri-Kansas fields, where proximity to sea level and instability of 
land elevation permitted the exposure of great expanses of sea bottom, 
and the development thereon of swamps and land floras. The deposition 
of coals was usually followed by some thickness of non-marine shales 
and sandstones, before a too rapid rate of subsidence again made possible 
the reinvasion of salt or brackish water over the coal-forming swamps. 
So far as I have been able to learn, coals (peats) of ordinary woody 
type and of commercial purity and of great horizontal extent are not now 
being laid down in brackish or salt water in any part of the world. 

Saltrwater Invasions of the Swamps 

In some regions, salt-water invasions occurred in the midst of coal 
formation (peat deposition) in portions of the tide-level swamps of Mis- 
souri and Illinois, as is shown by the presence of debris of marine mollusks 
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in thin partings occurring locally within the coal beds. Not infrequently, 
also, one may observe the presence of roots of land plants that grew in 
place in the marine muds of the partings, as in most cases these invasions 
may have resulted from breaching of barrier beaches. I have, in earlier 
papers,^ emphasized the part played by such barriers in some of the tide- 
level coal fields like those of the mid-continent and interior areas, and the 
probable effectiveness of the dense vegetable growth in obstructing the 
progress of salt water into the swamp. In other cases, it is likely that 
the advance of salt water would be checked also by low gradients of 
the swamp as it spread across the somewhat uneven surface. Irregularity 
of this surface is, in many instances, indicated by the varying floor and 
thickness and bedding of the coal beds. 

Muck in Coals 

In the Illinois and Indiana coal fields, some of the coals, especially 
Nos. 3, 5, and 6, are covered, over large areas at least, by mucky carbon- 
aceous material more or less laminated and frequently marked by very 
thin intercalations — sometimes mere films — of inwashed sand. Here, 
the surface of the peat swamp has been partly oxidized after denudation of 
its vegetal cover, and some of the peaty substance, reduced to muck, has 
been relaid imder wave action with thin washes of sand. Marine fossils 
occur here and there in these deposits, in which delicate parts of plants, 
such as fern leaves, are generally wanting; due probably to attrition, 
slowness or instability of deposition, and the greater opportunities 
for oxidation. 

Rise of Water Level 

In any coal bed, the principal changes in structure and constitution are 
due to changes in the water level. In most regions, rise of the water level 
ran more or less nearly parallel to the growth in thickness of the peat 
deposit; for bituminous coals as much as 6 or 7 ft. thick this thiclmess 
must originally have been over 40 or 60 ft. This predicates a gradual 
sinking of the tide-level swamps as the surface of the peat was built up, 
and explains how readily a slightly too rapid subsidence, with or without 
consequent breaching of barrier sands, might permit salt-water invasion 
and, with continuous subsidence, the coals could be overlain by marine 
muds, shales, or limestones. Elevation of some part of the higher land 
or the receipt of larger contributions from some sand-lain area, might 
cause the deposition of sandstone. Filling the basin caused readjust- 
ment of the surface of sedimentation; and, if the water level rose too little, 
even as raised by the peat itself, vegetal accumulation suffered more 
advanced decay and peat formation was slower or its growth was arrested.® 

’ D. White and R. Thiessen : Bur. of Mines BM. 38 (1913) 62. 

»D. White: The Carbonaceous Sediments (1923), 
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Sulfur and Silieification 

In earlier papers, I have emphasized the generally far greater amounts 
of sulfides in the tide-level basins, a relation that is quite generally 
recognized, though the assumption that the larger sulfur supply has to do 
with the sulfur of the marine animal life rather than with reactions in the 
salts of the marine or brackish waters impregnating beds not far distant 
above or below the coal invites more thorough consideration by 
the chemist. 

In the fresh-water basin, which is fluviatile or shallowly lacustrine, 
the interruption of peat formation by too deep inundation, with more or 
less extensive in washing of silts, sand, etc., thus bmying the peat deposits, 
affords conditions much more favorable for the preservation of the 
remains of the land vegetation growing on the swamp. The flora is 
overwhelmed and buried or slowly drowned out while sedimentation is in 
progress, instead of being exterminated by the salinity of encroaching 
sea water. 

The apparently sudden segregative precipitation of colloidal silica at 
or close to the surface of the organic deposits, so as to form siliceous 
nodules or to cause the partial impregnation of logs, stems, fruits, etc., 
is, in most cases at least, almost certainly due to rapid invasions of saline 
or brackish water. With the siliceous segregations, pyrite or marcasite is 
apt to occur. This explanation is consistent with the occurrence of such 
nodules and impregnations in what we commonly call marine coal meas- 
ures basins, like those of the interior and mid-continent regions — that is, 
in the tide-level swamps. The impregnation of the vegetation by silica 
or lime occurred unmistakably at the time of, or very soon 
after, deposition. 

Similar Conditions in Mesozoic and Tertiary Coal Fields 

The depositional relations of the Mesozoic and Tertiary coal fields of 
the western United States were, in general, evidently similar to those of 
the Paleozoic areas with respect to the topography. Most of the western 
basins were far less extensive than the eastern Paleozoic lowlands, and 
some of them appear to have been relatively restricted, but the coals 
were nevertheless laid down in lowlands and marginal swamps that crept 
upward on a gradient too low to permit drainage under the climatic 
conditions prevailing, and whose level was raised and broadened by 
growth of peat and rise of the water level. 

The coal measures were deposited in fresh-water basins, in estuaries, 
and in broad coastal swamps generally bordering epicontinental seas. 
Shifting of shore lines or accentuation of erosion, presumably consequent 
to uplift or deformation of the source regions of the arenaceous sediments, 
is recorded in the wedge shapes or lenticularity oi the sandstones and the 
tongue characters of those coal measures groups, which represent conti- 
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nental deposits fingering into the marine sediments of the epicontinental 
sea. This is particularly true of the Cretaceous coal measures of the 
Mesaverde in Montana, Wyoming, Colorado, and New Mexico. 

Examination of the floras of the coal beds in the principal western 
coal fields nearly everywhere discloses the existence of old soils with 
roots beneath the coal beds. The roots, which are clearly seen to be in 
position of growth, are rather more varied in botanical range than in the 
Paleozoic, where Stigmaria is so omnipresent. In some areas shallow 
basins, lakes, or ponds evidently were in process of filling imtil land vege- 
tation was able gradually to spread out from the edges so as to cover the 
surface, which eventually was forested exactly as is to be seen in many 
peat swamps at the present time. In these cases, carbonaceous muds 
and shales underlie the purer, well-bedded, laminated coals, which in 
general are characteristically' woody. The occasional influx of oversweep- 
ing and aggrading muds and sands, burying the swamps so as to cause 
partings in the coal beds or even the total suspension of coal deposition 
for considerable time, harmonizes with the now more generally recognized 
instability of the continental masses and the generally fluviatile sedimen- 
tation of the fresh-water basins in which, however, lakes unmistakably 
were present. 


Climatic Conditions of Coal Fokmation 

The study of both the structures of the coal bed and the microscopical 
constitution of the coal itself confirms the evidence of the stratigraphy 
and the sedimentation of the enveloping strata in proof that the coals 
of the normal types (whether lignite, bituminous, subbituminous, or 
anthracite) were laid down as peats, most of the deposits of co mm on 
type having been formed in forested swamps of great extent. As at the 
present time, the environment of peat formation varied somewhat, but 
the ordinary woody coals were certainly laid down on broad coastal 
plain or inland swamps covered more or less of the time by water, which 
during peat deposition, however, was not so deep as permanently to 
interrupt the growth of arborescent vegetation. 

^ Sunlight and Wind 

Comparison of the structural features of the coal-forming vegetation 
of the Tertiary and Upper Cretaceous with moist lowland and swamp 
trees, shrubs, and ferns of the present day leaves no room for doubt that 
the overhead conditions as to sunlight and clouds, with wind, were in 
general comparable to those of the moderately humid and very humid 
regions of the earth at the present time. The immediate ancestors of the 
bald cypress were present in most Tertiary coal swamps. Winged seeds 
indicating dispersing winds were common. 
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The features of the vegetation that grew in the Paleozoic swamps 
similarly indicate sunlight, probably in moderate amount, while ripple 
marks and, in some cases, fairly well-developed wave marks in the coal 
measures strata bear testimony as to winds. Many of the Carboniferous 
seeds and fruits were provided with wings to assist in distribution. 

Rainfall and Temperature 

An inspection of the evidence as to humidity and rainfall shows some 
variation, not only from region to region, but from period to period in the 
same regions. The deposition of Paleozoic peat in the enormous thick- 
nesses required to form workable coal beds, as the deposits are now 
reduced, calls for a climate more or less distinctly humid or even wet. 
In most regions, the rainfall was either moderately heavy and well 
distributed through the year or it was copious through the greater part of 
the year.^ 


Lower Pennsylvanian 

In the Pottsville coal measures of North America and in the West- 
phalian series of Europe, which is nearly equivalent in age, the evidence 
clearly points toward abundant rainfall relatively well distributed 
throughout the year. General humidity, as well as mildness of tempera- 
ture, is shown by the rapid and large growth of the lush vegetation. 
The Pottsville and lower Alleghany plants, in particular, had large and 
comparatively thin-walled cells with large intercellular spaces. The 
digestive tissue of the leaves was conspicuously lacunose, and provision 
was made for discharge of excess of water content of many of the plants. 
The lycopods and Calamariae, the latter being related to the living horse- 
tails, were gigantic and the ferns and femlike cycadofilic types were 
mostly very large or greatly elongated. The pose of branches and leaves 
and the leaf forms suggest the shedding of rain. Most of the femlike 
types of the genus Sphenopteris, especially those included by Stur in his 
genus Diplothmema, were long clambering plants, probably climbing on 
to or over the more robust types, such as Neuropteris and Alethopteris, 
which were themselves small trees, the trunks of which attained in some 
cases a diameter of nearly two feet. Many of these chambering or climb- 
ing plants of the Pottsville, and particularly the New River and the 
Kanawha divisions of the Pottsville, had very delicate, even membrana- 
ceous, foliage — filmy, and often deeply dissected. Rhacophyllum, by its 

•E. Carthaus: Die Klimatischen VerhSJtnisse der geologischen Vorzeit von 
Pracambrium bis zur Jetztzeit, 1910; A. G. Seward: Climate as Tested by Fossil 
Plants, 1914; A. G. Nathorst: Smithsonian Report, 1911; W. Gothan: Die Jahres- 
ringldsigkeit der pklaozoischen Baiime, 1911; P. Bertrand: Ann. Soc. G6ol. Nord, 
(1909) 88, 92; C. Schuchert: Smithsonian Report, 1914; H. Carpentier: Les plantes 
fossiles. Rev. G4n. Bot., 1922; D. White: Bur. of Mines BtUL 38 (1913), and 
The Carbonaceous Sediments. 
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habit, and some of the ferns, by the distribution of their nearest living 
relatives, are connected with warm climate floras. At this time, the 
forests of the American and western European coal fields were truly sub- 
tropical or tropical in aspect. A very mild, or, at least, subtropical, 
temperature is shown not only by the enormously rapid growth and the 
delicacy of the femlike lianas, but it is indicated further by the absence, 
or only very slight development, of rings of annual growth. Growth of 
plants during these periods appears to have been almost free from inter- 
ruption and certainly free from severe winter frosts in temperate latitudes. 

Some instability of the water level in the swamps is shown by the 
bedding and lamination, including the layering of ^^mother of coal,^’ to 
which reference will later be made, but the general maintenance of a thin 
water cover over the surface of the swamps during the great part, at 
least, of the year is shown by the dilation of the basal 2 or 23 ^ ft. of the 
butts of many of the trees, and by the presence of knees, by pneumato- 
phores, etc. Many of the seeds and fruits were provided with air 
chambers to aid flotation. Closure of pollen chambers prevented entrance 
of water pending delayed pollination of the ovules in some of the genera. 
Reference has already been made to the prevalence in this period of 
heterosporous lycopods, the continuation of whose species required an 
aquatic environment in which the megaspores and microspores might 
drift into conjunction. Low herbaceous types seem to have been exceed- 
ingly rare. Mosses are almost unknown. 

Upper Pennsylvanian Time 

In the upper Pennsylvanian, which includes the upper Alleghany, 
the Conemaugh, and the Monongahela coal measures in America and 
the Stephanian of Europe, the climate appears to have been less uniform. 
The rainfall was apparently less evenly distributed through the year 
and the humid subtropical or tropical lianas are less in evidence. This is 
particularly true of the Appalachian coal fields, where tree ferns are far 
more numerous and varied. The changes may be connected with the 
causes of the introduction of red beds deposition in this region. In the 
tree ferns and in some of the lycopods, we have immensely thickened 
bark (including internal ramenta) with structural physiological provision 
for water storage, presumably to tide over seasons of reduced rainfall. 
The probable occurrence of dry seasons is further shown by the rapid 
disappearance of the heterosporous lycopods, whose dominance called 
for a greater persistence of the water cover in the swamps. Most of the 
membranaceous types had disappeared or were disappearing. The cyca- 
dofilics had larger pinnules and lobes, and the leaflets of the Pecopteiids 
and other tree ferns were prevailingly not only rather thick but more or 
less villous. The ecological characteristics were accordingly comparable 

» D. White: Bur. of Mines Butt. 38 (1913) 74. 
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to a subtropical or mild tropical dense plant growth with abimdant tree 
ferns all adapted to a short dry season, although the total rainfall was 
relatively large. Ample precipitation or water cover is, however, requi- 
site for peat formation in tropical regions. 

Consistent with the postulated conditions, wood growth appears to 
have been rather less rapid than in the earlier coal measures, and the cells 
are generally rather thicker, and, what is more significant, the wood in 
some of the t 3 rpes has more or less well-developed annual rings. The 
general character of the vegetation, which included many genera whose 
present-day representatives are distinctly tropical or subtropical, justifies 
the conclusion that the growth rings, which neither in western Europe nor 
in eastern America are as well defined as in the regions of present-day 
winter frosts, probably reflect merely the interruption of growth by dry 
seasons rather than by severe winter freezing. 

Permian Climate 

Seasonal changes are still more evident in the Permian deposits — even 
those laid down in the generally moist regions of coal formation. Fluc- 
tuation in rainfall is fairly evident and, outside of coal field areas, xero- 
phytic plants are not rare. In the United States, the evidence as to 
alternating wet and dry seasons in the Permian may be regarded as con- 
clusive. Small wood cells and well-developed annual rings may indicate 
seasonal variations in temperature also. Coal formation was greatly 
reduced in the Permian swamps and, during upper Permian time, was 
nearly unknown except in a few parts of the world. 

Coincident with, and probably in consequence of, seasonal diversity in 
the latest Pennsylvanian and Permian, which are periods of extensive red 
beds deposition in America, there took place a differential evolution of 
the g 3 nnnosperms, with the development of plants closely resembling, 
if not indistinguishable from, cycads, and of coniferous types closely 
allied and probably lineally ancestral to the modern Araucaria and the 
Gingko. The AraucariaB are now reduced to a few species, while Gingko 
is perhaps technically extinct, it having been preserved by cultivation 
under religious auspices. This was the period of development of the 
gymnospermous seed with capacity for surviving one or more seasons 
unfavorable for germination. 

Notwithstanding the evidence for seasonal changes, the writer has not 
been able to recognize in the Permo-carboniferous swamp floras, either 
of the United States or in western Europe, proof of severe freezing or 
seasons of actual winter of such severity as is characteristic of the region 
embracing Baltimore, Cincinnati, and St. Louis at the present day, 
although early Permian time witnessed extensive glaciation, even in the 
tropics, in India and at low altitudes in temperate regions of Australia, 
south Africa, and Brazil. 

“D. White: Jfd. Geol (1907) 15, 615. 
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Climate of Mesozoic and Tertiary Coal Fields 

Inspection of the fossil floras of the Cretaceous and Tertiary coal 
swamps points, in every case, to ample or moderate rainfall and relative 
mildness of climate. Some of the Cretaceous coals, even including those 
laid down in central Alaska, were deposited in environments probably 
no colder than that of Wilmington or Charleston on the Atlantic Coast. 
In other cases, the climate may have been subtropical. Nowhere do we 
find evidence of semi-aridity or of very severe cold, though frost, possibly 
somewhat severe, doubtless prevailed in the winters of some of the 
Tertiary coal fields surroimding the Arctic and occurring even on the 
Antarctic Continent. A noteworthy feature of these circumpolar coal 
fields of all ages is the existence of old soils, as in other fields, the woody 
composition of much of the coal deposit itself, and the apparent absence 
from the coal-forming areas of Arctic climate as it exists today. Trees 
of large size were abimdant in the coal-forming swamps nearly up to 82° 
north latitude and at about 80° toward the South Pole. 

The distribution of coals in the high latitudes in the Mississippian, 
Jurassic, Cretaceous, Eocene, and Miocene formations, and the evidence 
presented by the coal plants for comparative moderation of climate in 
the regions of coal formation, strengthens the writer’s belief that in the 
determination of climate and changes of climate, the epicontinental 
seas (their distribution, depth, form, size, etc.) were little inferior in 
importance to the continental configuration or the intercontinental con- 
nections. In comparing the climatic environments of both our older and 
our younger coal fields with present climates of the same regions, it should 
be borne in mind that the continents now stand high, perhaps near the 
maximum; many of the mountain ranges are young and still growing; 
the ocean is driven far down the continental shelves, and the epiconti- 
nental seas are drained or greatly reduced. From the geological view- 
point, present world climate is abnormal in its distribution and abnormal 
in its extremes. The earth’s crust may be regarded as still in the midst 
of the post-Tertiary diastrophic revolution. The fluctuations in tide 
level and the deformation of the land probably were not greater or more 
frequent during the deposition of the Paleozoic or Mesozoic coals and 
their environing strata than they have been during the insignificantly 
short interval of Pleistocene time. 

Deposition of the Coals 

It has been pointed out that, in general, coals of the ordinary or com- 
mon (woody) types were laid down in swamps in the form of peat. The 
typically woody coal was laid down in forested swamps in which a thin 
covering of water lay over most of the ground between the trees during 
at least portions of the year, the conditions being most like the swamps 
near the coast of the South Atlantic States before draining, and in some 
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of the tropical peat-forming swamps, such as those in some of the East 
Indies. Variation in conditions is plainly seen to have prevailed much 
as in peat-forming regions of the present time, though in the areas and 
times of widespread coal deposition the topographic relief was much less 
than at the present day. 

In the paper by Doctor Thiessen, it will be shown that our coals 
present most, at least, of the features of composition seen in recent peats, 
though none of the extensive deposits of commercial purity were probably 
laid down in regions of so severe climate as peat of the Arctic 
tundra. 

Water Level and Stagnation 

Variations in the structure and character of the layers of the coal bed 
from point to point in the vertical section are mainly due both to the 
water level and to the composition of the water. 

Where the water covered the surface of the organic deposit and was 
at the same time so stagnant as to conserve the so-called humic” or 
ulmic ” or ulmo-humic ” products resulting from the biochemical decom- 
position of more or less of the infalling vegetation, the decomposition 
solution soon became so concentrated at the level of peat growth as to be 
toxic and destructive to the agencies, mainly bacteria, causing the decom- 
position of the vegetable debris, so that further decomposition ceased in 
the toxic zone. The latter may have reached practically to the surface 
of the water, or it may have extended but little above the level of the 
peat. While this toxic condition of the water continued, a large part of 
the organic debris that sank in the water became buried in the peat forma- 
tion with but partial or very little decay. It is evident that if, under 
favorable climatic conditions, the growth of the vegetation were lush and 
the contribution of the vegetable debris were consequently voluminous, 
the growth of the peat deposit would be very rapid. Further, as the 
greater part of the vegetal contribution was composed of vascular land 
plants, including of course trees, the deposit was, accordingly, woody 
and overwhelmingly composed of carbohydrate material. 

A slower rate of contribution of the raw ingredient debris tended to 
favor the aeration (oxidation) of the water and consequent further prog- 
ress of biochemical decomposition. Lesser degrees of toxicity of the 
water, caused, for example, by dilution of the decomposition solution by 
access of more water, permitted the same result. When, on the other 
hand, the water was replaced by influx on the one side and drainage on 
the other, or if the swamps were torrentially flushed, the ulmo-humic 
toxic decomposition products in solution were more or less removed with* 
the water, to which they gave the characteristic tea color; the toxicity 
was correspondingly reduced, and decomposition progressed much further 

i*Thi5 subject is more fully discussed in The Carbonaceous Sediments: Treatise 
on Sedimentation. 
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before it was finally checked at^ or not far beneath, the surface of the peat. 
Beneath the latter, and at no great depth, lack of circulation permitted 
stagnation of the water in the peat, which consequently became fully 
toxic and preventive of further decay at a depth depending, naturally, 
on conditions. 


Biochemical Decomposition Selective 

It is important to note at this point that biochemical decomposition 
is selective. The different component parts and organic compounds 
found in the vegetable matter contributed to the formation of the peat 
(coal) vary in the degrees of their resistance to biochemical (bacterial) 
decomposition in an aqueous medium, as is more fully explained in Doctor 
Thiessen's paper. Therefore the actual composition, as well as the struc- 
ture of the layers of the peat bed, depends more or less largely on the 
degree of toxicity at the surface of deposition. The soft and delicate 
tissues of the plant (z. c., the parenchyma, the mesophyll, etc.) together 
with the protoplasm quickly disappear at the outset, imless the water 
cover is completely toxic to the microbes producing their decomposition.^* 
If unchecked, decomposition extends to successively more resistant parts 
and organs, including later most of the woody tissues, and finally disin- 
tegrates everything but the outer, waxy, resinous, or waxy-resinous 
coverings of spores or pollen grains; some of the cutinized and more or 
less waxy or resinous cuticular formations; the most horny, waxy, fatty, 
or resinous coverings of seeds and fruits; the waxes secreted on the 
surfaces of leaves and stems, or in internal vessels and canals; the most 
resistant fatty or fatty-waxy deposits thickening the cell walls, stored in 
cell cavities, or deposited in the cuticles of some of the plants; and the 
resins of many kinds produced in the wood cells, in wounds, and on the 
surface of trees, leaves, seeds and fruits of many types. These plant 
products are almost entirely resistant to biochemical decomposition 
under water. 

Effects of Changes of the Water Level 

Essentially normal proportions of the resistant products are, naturally, 
laid down with the vascular, or woody, plant matter of the vegetation to 
which they belong in a deposit where biochemical decay has made little 
progress, though in these deposits the carbohydrate, or woody, matter 
vastly predominates. It is evident, however, that as the woody and other 
partly resistant compounds of the plants and trees successively yield to 
bacterial action, contributing their decomposition products to the 
aqueous solution which may thereby be made increasingly toxic, little 
except the most resistant plant products — exines, waxes, resins, etc. — 
is left to accumulate, they being, in effect, concentrated. Exactly this 

A* D. White: The Carbonaceous Sediments. 

▼OL. LXXI. — 2 
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happens at times of replacement of the water, or oxidation by aeration of 
the water, or of exposure with leaching of the surface of the peat so as to 
permit the decomposition of the less resistant plant products 
and substances. 

Woody or Xyloid Coals 

Accordingly, we find some layers of the coal deposited in toxic water 
and composed mostly of logs, stems, twigs, ferns, etc., with spores and 
other resistant elements mingled in a natural proportion. Most coal 
beds contain such layers, which are conspicuously woody, or xyloid. In 
other layers, the amount of well-preserved wood may be less and less, the 
resistant debris being in larger proportions; in still others, very little 
woody matter remains and the deposit may consist mostly, if not wholly, 
of exines, fragments of cuticle, resin grains, scales or lumps, waxy secre- 
tions, and, rarely, particles of gum. 

All these phases may be, and usually are, foimd — repeatedly — ^in a 
single coal bed. Layers or benches composed mainly of wood, twigs, 
etc. are somewhat irregularly intercalated with layers in which the wood 
is less in evidence and fine debris containing, of course, larger portions of 
resistant exines, etc. forms a larger part of the deposit. In fact, as might 
be expected, and as may readily be seen, there is complete intergradation 
from the conspicuously xyloid type to what may be termed the spore type. 

Those horizons in which more or less of the wood, as well as the less 
resistant plant material, disappeared by decomposition are usually 
duller in aspect than the woody deposits laid down beneath a continuing 
and fully toxic water cover; and when, as so frequently happens, films or 
thin layers of mineral charcoal are present, the edges or transverse frac- 
ture surfaces of the coals are distinctly mat. To coal of such general 
physical constitution and aspect, a number of British investigators have 
applied the name ''durain,'' evidently with the thought that it represents 
a distinctive chemical or physical ingredient of coals. In effect, how- 
ever, the term appears useless except possibly in substitution for such 
adjectives as mat, which is not readily understood by the miner, or dull, a 
term not so agreeable to the coal operator. 

The occurrence of lenses or strips of bright coal bedded in the mat 
portions is common and familiar to all who handle coals. These almost 
invariably represent more or less flattened twigs, branches, and logs that 
did not succumb to the decomposing microbes before they were 
surrounded by a solution so toxic as to preserve them. Meanwhile, in 
the course of time, they became permeated by the ulmo-humic decomposi- 
tion products and, as now dehydrated, compressed, and lithified, they 
present the aspect of vulcanized rubber in the lower rank coals; of jet in 

M, C. Stopes: On the Four Visible Ingredients in Banded Bituminous Coal. 
Proc. Roy. Soc. (1919) 90 , 470. M. C. Stopes and R. V. Wheeler: Monograph on the 
Constitution of Coal, 1918. 
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coals of bituminous ranks; and of obsidian in anthracites. They are 
readily distinguishable in lignites, as well as in anthracites, if the 
examination is sufficiently close. 

It is not improbable that occasionally logs and branches were either 
driven down or sank of their own weight far enough into the organic ooze 
to cause their preservation for the most part, while at the surface of the 
peat the toxicity was not sufficient to preserve most of the wood contrib- 
uted to peat formation. Toxicity for short intervals would permit the 
survival of wood in such strips or ^'stripes.^' To layers or benches of 
coal of the more or less woody type containing this densely humified 
woody tissue enveloped as lenses and strips in the mat (durain) layers, 
the same English investigators have applied the term “clarain,'' which 
wholly without reason according to the writer's judgment, has been put 
forward, like ‘Murain," as one of ^‘the ingredients of coal." It may be 
added that “vitrain," a term applied to another of the supposed “four 
ingredients" in the belief that it represents an amorphus or structureless 
accumulation of humic acid, comparable to dopplerite, appears to be 
only very densely humified wood or other plant tissue, in which, due either 
to too advanced carbonization of the coal or failure of technique, the 
vegetable structure was not seen. 

Cannels 

Where ponds, bayous, or very sluggish channels, too deep for the 
growth of trees, occur in the swamp, the agitation or replacement of the 
water favors more oxidation or flushing of the toxic decomposition prod- 
ucts and permits the advanced decay of the reduced infall of land-de- 
rived vegetable matter, with the effect that little except spores and some 
resins^* and waxes, left by the decomposition of the drifted land plant 
material, sometimes with occasional cuticles, remains in the organic ooze 
which at depth becomes toxic. Here the contribution of the organic 
matter is more or less uniform in substance though subject to some 
seasonal variation in rate, and the water cover is rarely, or only after a 
long time, reduced by filling of the depression or channel, so that we have 
a massive deposit, sometimes with very little evidence of lamination. 
This deposit is the typical cannel. It is always laid down in quiet water 
of slight lateral extent and too deep for land plants to grow in. If the 
mineral matter in the sediment is relatively large in amount, it becomes a 
‘‘bastard cannel" or “canneloid," or it may verge into a cannel shale if 
larger amoimts of terrigenous inorganic matter are included. Seasonal 
or imusual variation in the water level appears to result in lamination 
which, however, may not show until the deposit is buried, Uthified, 
and weathered. 


w D. White: U. S. Geol. Surv., Pro/. Paper 85 (1914) 65. 
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Fat CanneU 

Not infrequently minute floating algae — water flowers/' such as Reinr 
schia, Pila, Gloeocapsamorpha, or Elaeophyton — ^live in the pond or 
bayou and the undecomposed or but partly decayed remains of some of 
the more fatty or resistant of these mingled with the exines and other 
normal constituents of the cannel, which the algae enriched by their 
generally waxy composition, the latter being high in hydrogen and com- 
paratively low in oxygen . 


Algal Coals 

Where, as in larger bodies of stagnant or nearly stagnant water, which 
may be alkaline, the fatty algae formed the greater part or even the entire 
deposit, we have the typical boghead, with its characteristic capacity to 
yield large amounts of artificial petroleum by destructive distillation. 

Lamination of the Coal 

Lamination characterizes practically all coals and is seen on close 
examination in anthracites and sedimentary graphite. Seasonal or 
irregular flushing may cause lamination. Ordinary obscure and exceed- 
ingly thin lamination, not attended by deposition of '^mother of coal" 
is, however, probably correctly to be explained by seasonal variation in 
rate of contribution of the vegetable debris, by variation in the depth and 
concentration of the water, and by seasonal changes of temperature, all 
of which are found to produce lamination in recent silty deposits. It is, 
in fact, hardly to be doubted that the minute lamination has all the 
refinement of annual change in deposition. Brief seasonal exposure is 
not improbable, especially when the laminse are strongly marked as well 
as exceedingly thin. 

Muck Films 

Most coals show, however, a grosser and more variable lamination 
presenting phases which are hardly to be explained, except by exposure 
or oxidation of the peat-forming surface. Tliat such exposure occurred 
from time to time is plainly shown by the thin layers or films of mucky 
soft matter resulting from the oxidation of the top of the exposed peat, 
which, in fact, was being transformed to muck. Such layers are seen 
even in anthracite. They probably indicate exposure for more than a 
very brief season. 

^•See B. Renault: Les Micro-organismes des combustibles fossiles, 1893; H. 
Potonie: Entstehung der Steinkohle und der Kaustobiolithe, 6th ed., 1920; M. 
Zalessky: BvU, Soc. Geol. Fr. (4) (1917) 373; D. White, and T. Stadnichenko: Econ, 
Geol (1923) 18, No. 3; R. Thiessen, U. S. Geol. Surv. Prof. Paper 132-1 (1924). 
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Fnsain {Mineral Charcoal) 

Other conclusive evidence of exposure, at times, of the surface of the 
peat is seen in the occurrence of fusain (mineral charcoal or mother of 
coal) strewn or matted in layers on the bedding planes of the deposit. 

The prevalent belief that fusain is the result of forest fires, either 
in situ in the immense swamps, or on adjacent higher ground from which 
the charcoal was washed out over the swamps is quite incompatible both 
with theory and fact. The assumption that it results from fires on the 
surface of the exposed peat is inconsistent with the great extent of the 
fusain layers, the evenness of the bedding, the absence of corrasion pits 
or ash accumulations with supposed cinders, the normal state of the 
coal just beneath the fusain, the regularity and parallelism of the distri- 
bution of the fusain, generally in thin layers, the sometimes almost 
incredible closeness of the layers which may form a large part of the 
deposit in some of the beds, the purity of some of the layers, and the deli- 
cacy and orientation of some of the carbonized debris. Fortuitous forest 
fires could hardly have been so frequent and so regularly recurrent over 
the same great areas, and so widely destructive as these should have 
been, without leaving traces of ash accumulation or residue. 

That the fusain cannot be charcoal drifted out from the land is shown 
by the continuity of its deposition; by the arrangement in normal posi- 
tion or relations of the charred '' fragments of such delicate material as 
fern fronds, pinnules and stipes, not to mention stems and branches; by 
the inadequacy of any transportation current to distribute charcoal evenly 
again and again throughout the great areas in the midst of the growing 
vegetation, and, especially, to do so without an accompanying film or 
sheet of land-derived mineral sediment, and, finally, by the inadequacy 
of any probable supply at the source. To assume that the erosion which 
would transport these vast quantities of charcoal out over thousands of 
square miles of coal-forming swamps would not at the same time erode the 
soil as well as wash away the plant debris is inadmissible. On the other 
hand, the fossilized peat surface offers no sign of erosion, nor of submer- 
gence beneath waters not the most tranquil. 

In another publication discussing the origin of fusain, I am pointing 
out the insolubility of the ^‘ulmo-humic decomposition products in water 
at ordinary temperature after they have once been concentrated and 
dried, as pointed out by Collin Rae'® and others. With this fact in mind, 
the fragments of wood, bark, stem, fern leaf, and other debris, now fusain, 
covering innumerable bedding planes in the coal may be regarded as 
undecayed or partly decayed plant debris lying on the surface at times of 
exposure of the peat by evaporation of the water cover. Under these 
conditions, the evaporation-concentrated toxic decomposition matter 

The Carbonaceous Sediments. . 

« Collin Rae: Amer. Assn. Pet. Geol. BvlL (1922) 6, 334. 
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in the solution, impregnating and drying on the surface of pinnule, stem, 
and wood fragment would not only protect them for a time under weather- 
ing, but by the insolubility and toxic composition of the film or crust 
coating the fragments, would leave them protected and resistant to the 
renewal of microbian action, that is, further decomposition, on resub- 
mergence, and the resumption of peat deposition. 

In some coal beds and in benches of other beds, presumably laid down 
in a persistent water cover of the swamp, layers of fusain are relatively 
rare or even wanting; in others, they appear to form a large part of the 
coal. Rarely, it forms thin beds or lenses several centimeters in thickness. 
In some cases, it is jumbled and confused as by slight wave action. It 
is common in anthracite, though it appears to have been crushed in the 
course of the great pressure stresses to which the anthracite beds have 
been subjected. To a considerable extent, the thicker layers in anthra- 
cite are rubbed and eroded in the process of preparation of the coal for 
the market. Pennsylvania, Colorado, and WasWngton anthracites are 
apt to break along bedding planes covered by fusain, in spite of an appar- 
ent partial cementation in these layers. 

Fusain is probably the source of the greater part of the dust in mines, 
tipples, and crushers of anthracite and other coals. Its structure, poros- 
ity, and friability suggest it as the principal source of the exceedingly 
comminuted and most easily ignited mine dust. 

Effects of Water Conditions on the Initial Composition of the 

Deposits, 

As foreshadowed in the discussion of the conditions of deposition of 
the xyloid and the spore coals, and of the formation of cannels and 
bogheads, a very close relationship exists between water conditions and 
the initial chemical composition of the coals; i. e., in the peat stage. In 
the typical woody deposits, for which a thin perennial stagnant and toxic 
water cover is most favorable, the carbohydrates (lignocellulose, cellulose, 
etc.) form the greater part of the solid organic matter and as the coal 
passes through its subsequent alterative changes, its chemical composition 
is dominated by products of carbohydrate derivation. 

On the other hand, where the water conditions favor the decomposi- 
tion of the less-resistant organic debris and where even the greater part 
of the woody (carbohydrate) material decays, a large portion, perhaps 
nearly all, of the carbohydrates goes into the colloidal decomposition 
solution, more or less of which is carried away in the drainage of the 
swamp. The portion remaining in solution has lost its carbohydrate 
character through biochemical transformation, as wiU be shown in other 
papers of this series. Accordin^y, in these deporits the chemical effects 
of the non-carbohydrate elements in the spores, resins, waxes, and other 
fatty plant secretions and products are more, and more marked, they 
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having been brought into prominence by the disappearance of an other- 
wise overwhelming amount of woody matter. It is to be noted at this 
point that the resins and waxes, and the other resinous, woody, and fatty 
plant products, such as the spore and pollen exines, and the fn^ments of 
cuticle, which are resistant to decay under water, are characteristically 
high in hydrogen and low in oxygen, quite the reverse of the carbo- 
hydrates. Therefore, as these form larger proportions of the organic 
sediment, the deposit becomes “richer,” t. e., it is relatively higher in 
hydrogen and lower in oxygen and, in general, much higher in volatile 
matter. This is well illustrated by the cannels in which the woody 
tissues are reduced nearly to obliteration, though they doubtless con- 
tributed much to the decomposition solution now hardened as binder or 
groundmass in the deposit. 

Still greater richness in hydrogen and volatile matter is added when, 
as in many of the cannels, fatty aigse, especially microscopic colonies of 
one-celled aigse of certain kinds with thick, waxy, or fatty cell walls mingle 
with the other plant debris of the deposit. Consistently, the bogheads, 
which are made up largely or almost exclusively of such algae, are the 
fattest (the most richly hydrogenous, and the most productive of volatile 
combustible matter) of the entire series of carbonaceous organic sedi- 
ments. Not only are these bogheads, or algal coals, productive of oil in 
greatest amounts, sometimes as much as 135 gal. to the ton, when dis- 
tilled, but the distillates produced by methods approximating as 
far as possible natural geological conditions approach nearest to the 
natural petroleums. 

Variation in the amount of volatile matter in different layers of a coal 
bed is largely due to variations in the proportions, or in the concentration, 
of spore and other “fatty” ingredients, as compared to the amounts of 
woody matter, especially fusain, in the deposits. 

The chemical contrasts between the types of coal, due to differences 
in the chemical composition of the ingredient debris and decompostion 
products, are greatest in the initial or early stages of alteration of the 
peat to coals of higher rank. Eventually, as will be pointed out in 
another paper, these initial chemical differences are obliterated as the 
deposit approaches the rank of anthracite. Meanwhile other distinc- 
tions develop as the result of geochemical changes in the buried deposits 
under geodynamic influences. 

DISCUSSION 

Edward C. Jeffrey,* Cambridge, Mass. — The statement that the 
natural layers of coal represent a high degree of biochemical change is 
one td which I cannot subscribe because the microstructure of coal shows 


• Professor of Botany, Harvard University. 
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that the matrix layers are unusually well preserved. The matrix layers 
show a great deal of structure, more than the shining layers of coal. 

As regards the origin of mother of coal, I also disagree with the author. 
I have microscopically examined a great deal of coal from all parts of the 
world and I think he has changed his attitude regarding mother of coal. 
Some years ago he thought that it was due to the action of the dry-rot 
fungus, or some similar organism on wood. If that were the case, the 
fungus would show some evidence of its presence, either the actual body 
of the fun^s would be present, or, if, the body disappeared, the holes 
that it always makes in the cells would be seen. Neither of those phenom- 
ena can be observed to any extent in mother of coal; I have examined an 
immense quantity of it. From the comparisons of recent deposits in 
water with coal, I have come to the conclusion that mother of coal is 
exactly what it is often called, mineral charcoal, the result of former 
forest fires. I think that is the only hypothesis that fits all the facts. 

George H. Ashley,* Harrisburg, Pa. — One phase of this subject 
has not been touched on, though it is one on which we have all thought a 
good deal and which has more or less bearing on the general physiographic 
conditions in which coal is laid down; that is the origin of the thin partings. 
The more I have studied these, the more the question has arisen, in my 
mind, as to whether wind action may not have to be drawn on to account 
for the laying down of such very thin layers of practically uniform thick- 
ness, in many cases over hundreds or thousands of square miles. These 
thin partings seem to be of a different character from partings, here and 
there, that thicken toward what might have been a shore, as though they 
had been washed in by water and feathered out. These thin partings are 
often % in. thick and, as in the Pittsburgh bed or in the beds of the 
central interior field, sometimes can be traced over very large areas. 
What is known as the blue band in the No. 6 coal of Illinois, covers several 
thousand square miles and has a thickness of about 1 in., yet I cannot 
see how such a uniform bed could be laid down by water currents. It 
is a difficult thing to picture those conditions adjoining these great 
swampy areas. 

Reinhardt THiESSEN,t Pittsburgh, Pa. — I am glad to have my theory 
of the origin of the thin bands of shale in coals expressed; I believe they 
are wind-bom deposits of eruptions probably, though many crystallog- 
raphers disagree with me. 

During the last three years, in my work on the correlation of coal 
beds, I have observed that all the coal beds in Ohio, West Virginia, and 
western Pennsylvania have been laid down in subsiding areas. The coal 


* State Geologist of PenDi^lvania. 
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always begins at the bottom, with what I call anthraxylons coal, and in 
going toward the top of the bed it becomes more and more attritions. I 
think that at first it was a typical woody swamp and the moisture condi- 
tions increased imtil we had a typical aqueous swamp — ^the woody 
plants gradually giving way to more and more swamp-loving or water- 
loving plants until the whole area was covered by a typical aqueous 
swamp and finally by shallow water. At times, the subsidence seems to 
have been retarded and woody plants again appeared, but the surface 
seems to have subsided again and aqueous conditions continued until the 
area was covered by silt; very often the coal ends with a cannel coal, 
as is typically shown in the Freeport bed, showing that the aqueous 
stage was prolonged. 

S. W. Parr,* Urbana, 111. — If we were to accept the fire theory of the 
origin of mineral charcoal, we would have to diagnose a kind of fire that 
has left a very uniform type of material. We calculated to the pure 
organic material, according to a habit of calculation that we have 
developed in our laboratory, that it would have stopped at a volatile 
constituent in the pure material varying; only 2 or 3 per cent. That would 
seem to be very difficult from the fire standpoint. From 17 to 19 per cent, 
of volatile matter is uniform with regard to this type of deposit. If we 
may accept a dual form of mother of coal, in which there is a higher ash 
content and in which the volatile factor is a little bit higher in one than in 
the other, we find another peculiarity of this substance. The normal 
mother of coal has no ash other than what we expect to be present in the 
wood ash and very low, corresponding in terms of the ash factor for the 
glance coal. 

The other type of mineral charcoal, quite as unfortunate as fusain 
from my standpoint, sometimes runs as high as 25 per cent, in ash. All 
these high-ash layers are characterized by a very high sulfide of iron or 
very high carbonate of lime. That suggests that the very porous layer 
of mother of coal has had a secondary infield tracer and we frequently 
find calcium carbonate and pyrites associated. The heat value of the 
organic material in any of these types is almost exactly the same as pure 
organic substances of the coal. 

David B. Reger, f Morgantown, W. Va. — The partings in coal 
interest us all very much and puzzle us even more; still I am loath to 
believe that any theory can be successfully established that calls for the 
transportation of this foreign material in solid form from a distance into 
the coal swamp, as it would be most irregular and unnatural for the 
same thickness to be carried for thousands of miles. If this were volcanic 
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matter, as has sometimes been claimed, it would necessarily be thicker at 
the source than farther out in the swamp, and the same thing is true of 
silt. But suppose that muddy water formed it. Every coal swamp has 
a small amount of ^t in solution; then as the water evaporates (either 
slowly or rapidly as you please), having had a more or less constant 
depth over the swamp, there will be a deposit of probably uniform mate- 
rial with fairly uniform thickness, because a certain percentage is all 
the time coming out of the evaporated water as long as the water is in the 
swamp. Possibly, in the process, the water is agitated gently find the 
material is kept partly in solution, so that it settles slowly down into the 
peat and becomes a part of the coal and does not become a noticeable 
layer but is disseminated through the coal in formation. Of course, this 
process does not make a noticeable band, but if you assume that the 
water was evaporated quickly during some cycle of uphft or draft, it is easy 
to suppose that there will be a silt layer of constant thickness and perhaps 
fairly constant extent, just as we find the partings in the coal beds. 

WiiiBUB A. Nelson,* Nashville, Tenn. — During the past year, some 
of the clays in the coal measures in Alabama have been found to be made 
up of volcanic material. Samples of those clays have been sent to the 
United States Geological Survey and they show Bentonitic material, as 
we have been calling it. The thickness of partings in coal seams could 
readily be accounted for as coming from a volcano, if the volcano was 
very far away. It is only when very close to the volcano, that there are 
great differences in the thickness of the ejected material. In the Mississip- 
pian rocks, there are many layers of clay that are very full of volcanic 
material — Green Bentonitic clays. This recent discovery in the coal 
measures in Alabama would indicate that if we study the coal meas- 
ures more carefully, we will find other clays of a volcanic ash origin in 
these measures. 

Rbinhabdt Thibssen. — The evaporation theory is not good in this 
case because plants, as we find them in the coal measure, will not grow 
in deep or even shallow water. I paid particular attention to the Free- 
port bed, where the coal comes up normally, that is, woody coal gradually 
becomes more and more mbced with mineral matter. In other words, 
the mineral matter in the bone begins in the first inch with the normal 
mineral matter content of the coal and increases gradually up to about 20 
per cent., and from there on it stays rather constant or increases slowly 
imtil it reaches the maximum; then it gradually disappears until the coal 
again assumes the normal character. If we should imagine the peat 
covered with water to such a depth that we should have precipitation of, 
say, 11 or 12 in. of mineral matter, such a submergence would have 
killed off all the swamp plants living in it. 
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Geobob H. Ashlet. — The idea of volcanic origin of these thin beds 
appeals to me; they have been scattered through the whole body of 
our coal measures. What we call the “dint-clay bed” runs from central 
West Virginia into northern Tennessee; it is well down in the Pottsville. 
The Pittsburgh bed is near the top of the “ Coal Measures.” To account 
for these thin partings by assuming volcanic eruptions every time a coal 
bed was being laid down is stretching our credulity. The only other 
solution is to say that whirlwinds sweeping over practically desert areas 
lifted this matter very high in the air and allowed it to drift over and 
settle on these large swamp areas. 1 know of no conditions where similar 
deposits are being laid down in areas adjoining our deserts. It is difficult 
to think of lai^e deserts adjoining swamp areas, but this solution may 
have some bearing on our ideas of the origin of the coal. 

Wilbur A. Nelson. — I will not say that all partings are necessarily 
derived from volcanic material, but I believe that many will be found to 
have that derivation. In a study of the coal fields of Tennessee, we have 
found a series of three or four parallel troughs. As one filled in with 
sandstones, shales, and coal beds, it was filled out to a barrier reef a dis- 
tance of 10 to 15 miles; and then comes the next one, and then the next. 
That does not seem to agree with the theory of deserts next to the coal 
deposits. A very detailed study has shown this to be the condition of 
deposition in the southern half of the Tennessee coal field, and it is the 
same condition that has been thoroughly established as being responsible 
for the deposition of the Paleozoic formations in the great valley of east 
Tennessee. 

Edward C. Jeffrey. — The question of the partings in coal, so faras 
they are produced by the substance known as mother of coal, should be 
envisaged and looked at from the standpoint of actual deposit. No 
doubt there are continuous layers of the charcoal from burnings on the 
land in actual peat deposits laid down in water and, further, not only are 
there continuous layers, but also isolated pieces of charcoal more or less 
irregularly diffused throughout those deposits. The only rational theory 
is that this charcoal originated from land fires and was washed into the 
water where it floated and sooner or later sank. For example, after a 
fire, I noticed quantities of charcoal floating on the surface of Lake Huron, 
and I imagine that is not an uncommon occurrence. 

James F. Kemp,* New York, N. Y. — ^We should be careful to discrimi- 
nate between what is native and what is infiltrated afterwards; the men- 
tion of carbonate of lime and pyrites would suggest that a large part of 
this material was infiltrated. I hesitate to speak closely about the 
actual composition of mineral charcoal, but the subject has interested me 
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because fossil Calamites are commonly visible in it. I presume that 
there were high-silica plants in Carboniferous times, very much as there 
are today, and that these might have formed a framework contributing a 
very high ash, compared with other forms of vegetation. The fumes 
of calcite and gypsum and other evidences on the joints in the coal show 
that there has been a good deal of infiltration, which would naturally go 
into the most porous parts of the coal, and those parts are the layers of 
mineral charcoal. 

E. S. Moore,* Toronto, Ont. — It would be difficult to assume that 
these thin partings in coal seams were formed by evaporation. When 
you examine the composition of such a deposit, you would expect it to 
be very much higher than it is in the substances, like calcium carbonate, 
usually carried in solution, relative to the other constituents. It is 
also diflScult to assume that the partings all represent volcanic deposits. 
The only logical explanation that I have been able to find for them is in 
supposing that in times of high water some streams laden with fine 
sediment have broken levees and flowed over the swamps, spreading the 
sediment over very large areas. 

I have just read Doctor J effrey ’s work on Coal and Civilization, in which 
he so strongly urges the charred-wood theory for the origin of this material 
and have wondered whether he has not made the same error that so 
many of our mineralographers make in explaining our problems in ore 
deposits in the laboratory without reference to the structures in the fields. 
For a number of years, I have observed all the swamps associated with 
the burned areas I have come across in northern Canada and elsewhere, 
but I cannot see the possibility of obtaining the relative proportions and 
the associations found between the mineral charcoal and the other coal 
by any means of having this material washed in from burned areas in a 
region where you are going to get the great coal seams laid down. When 
most of the charcoal is carried off the burned lands into the bodies of water, 
great quantities of mineral sediment are carried in at the same time. 

Edward C. Jeffrey. — Lands covered by vegetation, except under 
very unusual conditions, where there is a great fall of water, do not 
undergo erosion. My attention was directed to that a number of years 
ago, when studying plants growing in wet places, and I looked in vain 
for the seedlings until it occurred to me that they might make their 
appearance where the soil had broken away, and by searching there found 
them. It is easy to exaggerate the question of erosion in low areas, such 
as it is generally agreed, in the theory, that coal deposits were laid down. 
I do not believe that mineral sediments were laid during the active coal- 
formation period. At any rate a very large volume of it was water 
with mineral absorption solution. 
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Doctor Kemp is entirely right in his view that the mineralization of 
certain mother of coal, so-called, is due to the mineral substances in 
solution in water. It is not usually the case that lignite debris deposited 
in the day beds are filled with pyrites. Wood is the natural resting 
place of mineral matter, and we are investigating now the formation of 
crystals in plants. It has been supposed that it was the laying down of 
crystals that ihade the mother of coal; that is, a coal or a matrix was laid 
down first and the crystal was laid down in that matrix. It is apparently 
a parallel case. 

George H. Ashlet. — In the block-coal field of Indiana, there are 
three or four beds that consist of alternating layers of bright and dull 
coal. These beds run as much as 5 ft. thick, while the duU, and bright 
bands run not less than twelve layers to the inch. The whole bed is 
composed of alternate layers of mother of coal and glance coal, so that 
any explanation of mother of coal must provide for such a repetition of 
conditions as will produce these thin bands. The coal of those beds is 
characterized by being in small pockets, or basins — as many as four pockets 
have been mined in one small mine while some basins may be 15 or 20 
acres in extent; the coal is limited to the basin, except possibly the top- 
most layer, which may run from one basin to another. That layer is not 
of the block character ; it does not have mother of coal, but is ‘ ‘bituminous.” 
There seems to be, therefore, some relation between the small basins and 
the presence of the mother of coal. These small basins cover a large, 
part of the eastern side of the Indiana field; so that a thousand square 
miles may be covered with these small basins of coal. The most reason- 
able explanation seems to be that these small basins have dried up during 
each dry season, or during especially dry seasons and the layers of mineral 
charcoal represent the dried surface of the peat. 

Edward C. Jeffrey. — The mother of coal is not uncommon in 
cannels and oil shales, formed continuously under water cover. 

Homer G. Turner,* Bethlehem, Pa. — My observations on anthra- 
cite have shown that, aside from any possible mineralization by means 
of pyrite or other minerals, there are several kinds of mother of coal. 
They vary from materials which are difiicult to scratch with the thumb 
nail, to those which are easily pulverized between the fingers. The hard 
materials show under the microscope either crushed cells or perfect 
cells with thick walls. The soft materials show perfect cells of the same 
type as those of the hard except that the cell walls are thinner. There 
seems to be every gradation from anthraxylon to material that closely 
resembles ordinary charcoal. This gradation suggests that chemical 
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reaction is a more logical theory for the origin of mineral charcoal than is 
the tiieory of forest fires. 

David White. — We all agree that mineral charcoal (fusain) is present 
in coals of all ages since the beginning of forest growth on land. All the 
common types of post-Devonian coals contain it; in some coals it is very 
scarce and in some incredibly abundant. Sometimes the layers will not 
be mm. thick in matter seemingly evenly spread; yet, when examined 
closely, it will be found that neither the fusain nor the enveloping matter 
is distributed evenly. 

“Mineral charcoal” consists of fragments of plant tissue not fully 
decayed. It embraces all kinds of wood, according to the geological 
period. In many of the Carboniferous beds there is no readily visible 
trace of Calamarise; equisetums and horsetails were relatively scarce in 
thd Tertiary swamps. Sometimes we find the most delicate fusain 
material scattered in these infinitesimally thin layers, hardly separated 
one from another by an appreciable thickness of glance coal, ordinarily 
not over ^ mm., and rarely more than 1 cm. in thickness. Very delicate 
pinnules of ferns in which the nerves are transformed to fusain are some- 
times found in the “mineral charcoal;” these must have been transformed 
in place in the swamp. 

We sometimes make the mistake of predicating conclusions as to 
coal and its formation on an intensive study of a single bed with which 
we are particularly familiar or which we have subjected to special 
examination. I am perhaps quite alone in my theory of mineral charcoal 
(fusain) . The assumption that this material has drifted in such enormous 
quantities as to make up the greater part of the coal beds in some of the 
swamps is utterly incompatible with any assumption that coal is laid down 
in an immense swamp; the vegetation necessary to produce the coal 
could not grow in a swamp of such vast extent if the circulation was so 
Unobstructed by vegetation that charcoal drifting from upland or border 
land perhaps 60 to 70 miles distant has come unobstructed, and has been 
scattered in a thin layer over thousands of square miles. The extra- 
ordinary continuity of the fusain layers and their close proximity to 
one another, often with less than one-half millimeter of intervening ulmic 
matter, makes the drift theory little short of preposterous. On the other 
hand, the total amount of charcoal in some of the coal beds is really 
enormous. It can not have come from the land. 

It is hard to understand how the charcoal would be formed in such 
great amounts on the land without destructive fires that would do more 
than destroy the growing tree — ^would probably denude the land. If 
there were a run-off such as is necessary to gather the charcoal and carry 
it out over the great swamps, this run-off could not possibly have failed 
to have extensively eroded the undersoil, stripped by the fires and laid 
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bare for erosion. We would have had enormous amounts of ash in 
beds in which the charcoal brought by transportation was accumulated 
in such great amounts. 

If the mineral charcoal were actually charcoal remaining from 
forest fires, coal beds containing large quantities of it should be relatively 
high in fixed carbon. On the other hand, the slight variation in the 
fixed carbon of layers containing much mineral charcoal accords with 
my explanation of its origin. The humic matter of the deposit not only 
enveloped carbohydrate material but partly transformed and, to an extent 
at least, it impregnated the woody debris. 

From the circumstances of deposition of coal, it must happen during 
the long period required for the sedimentation of a thick bed that, due to 
the varying rate of subsidence or filling of the basin, the peat will at 
times be built above water level, so far as this may have been practicable, 
with occasional development of muck layers as the result of oxidation of 
the exposed peat; or, on the other hand, the vegetation will have been 
drowned out as a result of too rapid submergence. In the latter case, 
freer circulation of water over the submerged swamp would facilitate the 
distribution of fine silts and mud in muddy water, which would gradually 
settle in a layer possibly very thin but extending with relatively uniform 
thickness over great areas. Similarly, breaching of barrier bars as a 
result of too rapid subsidence would permit incursions of the sea, pos- 
sibly with inwashing of sand over the peat. If the sea remained, even a 
short time, the fresh-water vegetation from which normal peat is formed 
would be killed, and if the excess of marine water was adequate marine 
fossils may have spread out over the swamp. Lingula and Discina were 
best able to endure the acid peaty bottom conditions. Goniatites appar- 
ently were relatively hardy. With clearer and less acid water condi- 
tions, marine mollusca, including coral, may have invaded the swamp. 
Of course, if the sea was not shut out and the surface *of sedimentation 
was not raised sufliciently by deposition of marine organic and inorganic 
matter, peat formation will have terminated and we shall have a marine 
shale or argillaceous roof over the peat previously formed. On the other 
hand, if the sea was excluded and the water cover was sufficiently reduced 
in thickness, fresh-water peat-forming vegetation of the normal types will 
eventually recover the old area. Marine partings, with marine organisms, 
may be not more than an inch in thickness. 

limestones partings are extremely rare but, in the coastal swamp 
peats (coals), marine partings are probably more frequent than is gener- 
ally supposed. 

Partings resulting from flooding from the landward side of the swamp 
are characteristically more or less distinctly wedge-shaped and should 
be thicker and more arenaceous in the direction of the source of the 
sediments. 
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I recall a number of volcanic explosions — Kilauea, Martinique and 
Katmai — ^that have contributed dust of rather widespread extent. A 
thin layer of volcanic ash settled on the pools and housetops at Newport, 
R. I., after the eruption near Martinique. The presence of volcanic ash 
in coal partings is not remarkable and, in view of the considerable time 
that may have been required for the deposition of the ‘‘blue] band,'' 
in Coal No. 6 in Illinois, is rather to be expected and even looked for. 
However, I cannot admit that much of the inorganic detritus, not volcanic 
or cosmic, that makes up the ordinary coal parting, was blown to its 
present geographic position by the wind. The degree of aridity pre- 
dicated by such eolian transportation is incompatible with the luxuriance 
of plant growth which characterizes most of our coal deposits. Cer- 
tainly, a combination of wind-blown inorganic sediments with charcoal 
of forest-fire origin prepares one to expect a percentage of ash in the 
charcoal partings that is not present. 

A. C. No^,* Chicago, 111. (written discussion). — This paper gives the 
condensed substance of an entire textbook on coal geology. It contains 
all essential facts in the history of coal deposits and allows us to visualize 
the processes of nature by which the great coal swamps were produced, 
were covered up again, were changed, and lifted out of place. The 
mining engineer may well be stimulated, by this paper, to look upon the 
peculiarities of the coal seams from an evolutionary point of view and to 
understand them better. 

W. A. I. M. VAN Waterschoot van der Gracht, Ponca City, Okla. 
(written discussion). — This paper is an excellent and singularly complete 
description of the nature of the Palaeozoic and Mesozoic peat swamps, and 
the various conditions and factors that influenced the deposition and char- 
acter of our coal beds. Unfortunately, I am less familiar with the Ameri- 
can coal deposits than with those of Europe, but the author's statements 
apply to conditions observed in the Coal Measures deposits of northwest- 
ern Europe, from Silesia to the English Midlands and Scotland. Here also 
we have a broad and flat coastal zone along a very shallow epicontinental 
sea, to the north of a slightly rising continent: the first warping of what 
would later become the Herc 3 mian-Armorican front ranges. This epicon- 
tinental sea also had a northern shore, revealed only in the Coal Measures 
of Scotland, but buried farther east under the Mesozoic and Tertiary 
deposits of the north German plains and the Baltic. 

Here, again, we find in the Lower Coal Measures singularly wide and 
uniform swamps, succeeding largely arenaceous and dominantly marine 
conditions. This densely overgrown, wide, flat coastal plain was entirely 
unbroken, except by occasional estuary lagoons and lakes. The same 
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coal seams can be traced from eastern Westphalia all the way through 
Holland and northern Belgium, and very often it seems that some 
should be correlated to such in northwestern France and even in England. 
This correlation is doubtlessly possible for some of the major marine 
invasions. 

There apparently was a tendency for slightly deeper water west of the 
Rhine, in Holland and in the Belgian Campine, where the barren facies 
of the lowest Coal Measures gradually extends higher up in the series, 
consisting of a preponderance of massive, finely sandy shales, filled with 
a hash of mostly much decomposed and undeterminable plant debris. 

In the middle Coal Measures, conditions become more variable: the 
coal seams, though thick and numerous, succeed each other rapidly, and 
are of far less lateral extent, indicating more differentiated and changing 
swamps of lacustrine character in wide and very flat lowlands. Marine 
invasions are practically absent, indicating that marine conditions must 
have retreated to considerable distance. 

In the upper Coal Measures of Westphalia, Holland, and Belgium, 
conditions become still more irregular and the coal seams are usually full 
of intercalations of finely sandy shale beds. At least temporarily, marine 
conditions also become more frequent again and indicate occasional 
deeper submersion, sometimes depositing a thin limestone. Farther to 
the north, however, the few outcrops, limited to a few uplifts in the Teuton 
burger Wald, mark the prevalence of a more barren red bed facies with 
very few coal seams. 

The uppermost, Stephanien, series is not represented in the known 
northern area, having been eroded before the deposition of the middle 
Permian, which (after the main diastrophism) commenced as a new shallow 
epicontinental sea (the Zechstein), which soon changed to a widespread 
saline formation and red beds, which continued all through the Trias. 

The marine invasions in the productive Coal Measure series but rarely 
deposited thin marls or limestones with brachiopods; they generally con- 
sist of an often extremely thin black shale bed with minute dwarfed or 
very young goniatites and a few lamellibranchs; lingula is generally 
present and very often is the only indication of salt or at least brack- 
ish water conditions. 

In the middle Coal Measures, coarse sandstones are entirely absent, 
only fine-grained sandy shales or fine shaly sandstones are found as 
intercalations in pure mud shales; higher up in the series coarser or even 
conglomeratic beds appear again, indicating nearby higher ground and 
stronger precursory earth movements of the orogenic phase of the late 
Carboniferous-Permian diastrophism. 

All that the author says of the deposition of the coals holds true for the 
European Coal Measures. His description is so good that, in reading it, 
we almost feel trftpsf^rred ipto these boundless tepicl swamps of the remote 
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past, with a v^etation so luxuriant that even the immense lush tropical 
swamps of Sumatra must fall far behind such riotous growth. In 
Europe, we observed that when water apparently became deeper, drown- 
ing out the vegetation in a swamp, Calamites apparently continued to 
grow longest in such lakes; while on the contrary, if lack of moisture 
seemed to have stopped peat deposition, the upper layers of the coal bed 
consist of dull mineral charcoal. When a salt-water invasion put an 
end to the growth, siliceous or calcareous ^'coal balls” are common. 
How far should the Glossopteris flora in Arctic and southern Gondwana 
Coal Measures be interpreted as an indication of a different, possibly 
colder climate? 

David White (author’s reply to discussion).: — While it is more diffi- 
cult to reveal the structure in the glassy layers of the coal than in the mat 
layers or “durain,” where much refuse showing structure may be dis- 
cerned with the naked eye, abundant debris of structural organization is 
present also in the former. 

As to formation of mother of coal. Professor Jeffrey attacks a theory 
long abandoned by me. I hope, on the other hand, that I have shown 
that the old theory supported by him is untenable, whether or not my 
substitute explanation is later fully established. 

I agree entirely with Doctor Thiessen as to the evidence of variations 
in the depth of the water cover, due to varying submergence, and their 
effects on the progress of biochemical decomposition and on the mechani- 
cal constitution of the sediments; but not as to the frequency and volume 
of partings composed of volcanic ash or dust carried by winds. 
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The Microscopical Constitution of Coal* 

By Reinhardt Thiessen,! Pittsburgh, Pa. 

(New York Meeting^ February, 1925) 

INGREDIENT MATERIALS OF COAL 

In the general study of coal, all evidence points in the one direction 
— that coals had their origin in a manner analogous to that of peat. 
The best method of studying coal, whether it concerns its chemistry, 
composition, or physical condition, is to study peat. The essentials 
in a study of peat are a knowledge of the chemistry of plants, knowl- 
edge of decay and of the transformation process of plant-substances into 
peat. A number of facts must be emphasized, namely, (1) peat is formed 
under wet conditions only; (2) plants grow in the place where peat is 
formed; (3) all the plant substances go into the bog; and (4) all the plant 
substances are subjected to a series of phases of decay which are (a) in 
the air completely above the water level but in relatively moist conditions; 
(6) above the water level, but covered by debris; and (c) completely 
submerged by both water and debris. 

Plant Chemistry 

Plant chemistry as a whole is remarkably well understood. The 
number of compounds composing plants is large, and it is not possible 
here to give even a comprehensive outline, but a classification into 
definite groups is possible; this is as follows: 

Carbohydrates; glucosides; pigments; tannins; acids, alcohols and 
ketones, etc., and their salts; essential oils; resins; vegetable bases; 
proteins; enzymes. 

Plant substances may also be grouped according to the role they" play 
in the life of the plant, such as: 

Framework materials, living materials, food materials, protecting 
materials, waste materials. 

While this classification groups them well for certain purposes, it 
does not group them exactly chemically; but in a consideration of the 
composition of coal, this is an excellent classification for our purpose here. 


♦ Published by permission of the Director, Bureau of Mines, 
t Research Chemist and Microscopist, Pittsburgh Experiment Station, Bureau of 
Mines. 
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Carbohydrates 


This group is a most important, but not the only important one. 
It furnishes the bulk and that part of the coal in which the other constitu- 
ents are held. The carbohydrates embrace the following: 

1. Monosaccharides. 

2. Disaccharides. 

3. Trisaccharides. 

Dextrosans (starch-dextrin-lichenin) 

. , V • j 1 Levilosans 

4. Polysacchandes \ , , 

' Mannans 

Galactans 
Gum arabic 

5. Gums Wound gums 

Pentosans 

6. Mucilages. 

7. Pectins. 


Pecto cellulose 
Ligno cellulose 


Hemi-celluloses 

8. Celluloses Normal celluloses 

Compound celluloses 

9. Cutin. 

10. Suberin. 

The carbohydrates differ greatly in the ease with which they are 
attacked by agencies of hydrolysis and decay. The mono-, di-, and tri- 
saccharides are all water soluble and most of them are fermentable and 
food materials, but a few like talose and tagalose are entirely unferment- 
able. The polysaccharides must first be hydrolyzed before they can be 
fermented. They yield glucose on hydrolysis, which may be accom- 
plished by dilute acids or by enzymes. 


Gums 

Gums are found in the wood of plants and trees, from which they 
often exude, as in the cherries and peach, corn stalks, straw, etc. On 
hydrolysis, the wood gums yield almost pure pentoses; they are therefore 
called pentosans. The wound gums yield arabinose; other forms of 
gum are gum arabic and gum tragacanth. The gums are hydrolyzed with 
difficulty, and for this reason are poor foods for animals and for 
micro-organisms. 

Mucilages 

Mucilages are secreted by certain hair-like organs on the skin of 
plants, leaves, and fruits. Their chemical composition is not known. 
When hydrolyzed, they yield arabinose, galactose and mannose. 
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Pectins 

Pectins are comnoionly found in fruits, such as currants, gooseberries, 
apples, pears, etc., and in many fresh vegetables, like carrots, turnips, 
etc. They are easily soluble in hot water and when cooled set into 
jellies. The middle lamellae of plant tissues are also composed of pectins. 
Pectine is hydrolyzable by acids forming glucose. It is also hydrolyzable 
by the enzyme pectinase secreted by micro-organisms. Gums and 
mucilages also form part of the tissues in wood and, as such, are impor- 
tant constituents. 

Celluloses 

Celluloses are by far the most important plant compounds to be 
considered. They are characterized by their greater insolubility and 
greater resistance to chemical reagents. They also differ greatly among 
themselves in this respect. Celluloses are classified into hemi-celluloses, 
normal celluloses, and compound celluloses. 

Hemi-cellulose is found most abundantly in the cell walls of seeds, 
in the shells of nuts, rinds of fruits, seed coats of beans and peas, etc., and 
also form a small part of wood. They are more easily hydrolyzable than 
the other celluloses, and are thus separable from them. 

Wood 

In the ordinary leafy plants, as in herbs, shrubs, and trees, the actively 
living part of the plant is confined to the growing points, as in the tip of 
the roots and tips of the branches, and in a narrow zone between the 
bark and the wood of the stem in every part of the plant, called the 
cambium. In every case the growing point is the predecessor of the cam- 
bium in the stem. During the growing part of the year, the cells of the 
cambium divide actively in a plane parallel to the surface. The cells 
splitting off toward the outside form the cortex, or bark, those splitting 
off toward the inside eventually form the wood. In this manner the 
stems grow thicker. The new or young cells formed, whether in the 
growing plant or the cambium, at first consist of almost pure cellulose. 
But soon other substances are added to the cell wall besides cellulose from 
the protoplasm and the cell sap, consisting mainly of lignin, and small 
quantities of pectin, xylan, pentosan, and hemi-celluloses; later, still 
other substances are added mainly in the luminae, such as tannins, 
phlobophenes, resins, waxes, fats, and a few other substances. The proc- 
ess is usually termed incrustation or lignification and the sum of the sub- 
stances is called wood. 

The resins, waxes, fats, and oils may be extracted by means of certain 
solvents, the tannins may be removed by boiling with water; the pectins 
and pectocellulose may be removed by hydrolysis with dilute acids by 



38 


MICROSCOPICAL CONSTITUTION OP COAL 


boiling; the pentosans may be removed with dilute sodium hydroxide in 
the cold; see Table 1.^ These processes leave the cellulose and the 
lignin intact, together called lignocellulose. 

Table 1. — Analyses of Woods 


(Results in Percentage of Oven-dry (105® C.) Samples) 



1 Mois- 



Solubility in 


Species 



— 

— 



— 



ture 

Ash 

1 



1 Per 





Cold i 

Hot 



Acetic 




Water i 

1 

Water 


NaOH 

Acid 

Western yellow pine 

6.42 

0.46 

4.09 

5.05 

8.52 

20.30 

1.09 

(Pinus ponderosa) 








Yellow cedar 

4.89 

0.43 

2.47 

3.11 

2.55 

13.41 

1.59 

(Chamaecyparis noct- 






1 


katensis) 






i 


Incense cedar 

5.12 

0.34 

3.64 

5.38 

4.31 

17.69 1 

0.91 

(libocedrus decurrens) 






1 

1 


Redwood (heartwood) 

9.68 

0.21 

7.36 

9.86 

1.07 

20.00 ' 

1.08 

(Sequoia sempervirens) ' 








Western white pine ' 

7.00 ! 

0.20 

3.16 

4. ‘49 

4.26 

14.78 ! 

1.03 

(Pinus monticola) 

1 

1 







Longleaf pine 


0.37 

6.20 

7.15 

6.32 

22.36 

0.76 

(Pinus palustris) 








Douglas fir 


0.38 

3.54 

6.50 

1.02 

Ifi.ll 

1.04 

(Pseudotsuga taxifolia) ‘ 








Western larch 


j 0.23 

10.61 

12.59 

0.81 

22.14 

0.71 

(Larix occidentalis) ' 

j 

1 



1 



White spruce 


0.31 

1.12 

2.14 

1.36 

11.57 

1.59 

(Picea canadensis) 




1 




Tanbark oak 

3.66 

0.83 

4.10 

5.60 

1 0.80 

23.96 

5.23 

(Quercus densiflora) 








Mesquite 

5.49 

0.54 

12.62 

15.09 

2.30 

28.52 

2.03 

(Prosopis juliflora) 








Balsa 

6.47 1 

2.12 

1.77 

2.79 

1.23 

20.37 

5.80 

(Ochroma lagopus) 








Hickory (shellbark) 

8.49 

0.69 

4.78 

5.57 

0.63 

19.04 

2.51 

(Hicoria ovata) 








Eucalyptus 

6.58 

0.24 

4.67 

6.98 

0.56 

18.57 

1.85 

(Eucalyptus globulus) 

1 







Basswood 


0.86 

2.12 

4.07 

1.96 

23.76 

5.79 

(Titia americana) 








Yellow birch 


0.52 

2,67 

3.97 

0.60 

19.85 

4.30 

(Betula lutea) 








Sugar maple 


0.44 

2.65 

4.36 

0.25 

17.64 

4.46 

(Acer saccharum) 

i 

1 








1 G. J. Ritter and L. C. Fleck: Chemistry of Wood. Ind, & Eng, Chem, (1922) 

14« 1050. 
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Lignocettulose 

What relationship the cellulose and the lignin hold to one another 
is a much debated question by plant chemists. One school holds that the 
cellulose undergoes a transformation into lignin, and calls it the '^trans- 
formation theory; a second school holds that the cellulose and lignin 
are combined as esters, and calls it the "chemical theory a third school, 
and the oldest one, believes a condensation of the esterlike nature of 
cellulose with small quantities of pentosans and pentoses takes place, 
to which are added in an unknown way other substances, called lignin. 
To these theories must now be added that of Wislicenus,^ called the 
"colloid-absorption theory. According to this idea, lignin is the sum 
total of the substances absorbed by the cellulose-fiber from the active 
cambium sap of the plant. Wislicenus holds that the cellulose and lignin 
are not combined chemically in any way but that they exist in the 
wood merely as colloidal mixtures. This theory does not preclude a 
chemical combination according to others. 

The lignin and the cellulose in wood may be separated in two general 
ways: The lignin may be dissolved colloidally, leaving the cellulose undis- 
solved, or the cellulose may be dissolved hydrolytically changing it to 
glucose and leaving the lignin undissolved. The lignin may be dissolved 
by treating wood with potassium chlorate; chlorine dioxide, boiling with 
phenol, caustic soda under pressure, sodium or potassium carbonate under 
pressure, and with acetyl bromide. The cellulose may be removed by 
hydrolysis with acids such as 70-per cent, sulfuric acid at room temper- 
ature, concentrated hydrochloric acid, 1-per cent, hydrochloric acid under 
pressure; gaseous hydrochloric acid; and glycerin-sulfuric acid mixture. 

The amounts of cellulose and lignin obtained vary slightly with the 
methods used and widely in the different woods, age of the wood, whether 
sapwood or heartwood. Hardwood yields more than soft wood. Table 
2 shows the quantities present in a number of woods.® 

Cellulose 

The plant chemist is completely in the dark concerning the chemistry 
of cellulose formation, but there are certain known facts that give a 
working hypothesis. The chemistry of the formation of starch is well 
understood. On hydrolysis, starch is degraded into glucose; cellulose 
likewise is degraded into glucose on hydrolysis. Although the relation 


* W. Wislicenus und W. Gierich : Beitrage zur Kolloidchemie der Zellulose. KoU 
loid-Zischr. (1924) 84, 169. 

Wislicenus: Kolloid Ztschr. (1910) 6, 87; (1920) 27, 209. 

* G. J. Ritter and L. C. Fleck: Chemistry of Wood. Ind. dk Eng, Chem. (1923) 
16, 1056. 
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between cellulose and starch is not well enough known, it may be assumed 
that cellulose, like starch, is an anhydride of glucose; 

CeHiaOe - H2O = CeHioOg 

It is therefore reasonable to assume that in the plant cellulose is also 
formed from sugar by splitting off water from glucose. There is a con- 
siderable difference of opinion as to whether the cellulose of all plants is 
the same. Most chemists hold that it differs slightly in different groups 
of plants. Heuser,^ however, claims that there is only one type of 
cellulose and this is the same chemical individual in all plants. 

Three types of decomposition of cellulose are recognized: namely, 
acid hydrolysis, decomposition by dry distillation, and decomposition by 
bacteria and fungi. Although each of these has great significance, the 
last is of the greatest importance, and it only can be considered here. 
That bacterial action upon cellulose leads to degradation is known by 
the gases, such as methane, carbon dioxide, and hydrogen, and fatty 
acids that result. These substances are the last metabolic products of 
a biochemical process. A number of micro-organisms are instrumental 
in the decomposition of cellulose, and according to the metabolic products 
resulting may be separated into four groups as follows: 

1. Methane forming, produced by sewage bacteria, and bacteria in 
peat bogs giving methane, carbon dioxide, and the lower fatty acids 
ranging from formic to butyric acid. 

2. Hydrogen forming, produced by Bacterium fermentationis cellu- 
losum, giving hydrogen, carbon dioxide, and the lower fatty acids. 

3. Methane-hydrogen forming, produced by thermophylic bacteria 
of different kinds, giving methane, hydrogen, carbon dioxide, formic 
acid, and acetic acid. 

4. Nitrogen forming, produced by denitrifying bacteria, forming 
nitrogen and carbon dioxide, and nitrogen assimilating bacteria, taking 
up nitrogen from the and air requiring cellulose for their carbon supply. 

The active agents of decomposition are the enzymes secreted by the 
micro-organisms. As in all carbohydrate decomposition, two groups of 
enzymes are necessary for the decomposition of cellulose; those causing 
hydrolysis and those causing fermentation. Hydrolysis precedes fer- 
mentation, but the two proceed simultaneously. Through hydrolysis, 
by means of the enzyme cellulase, cellulose is decomposed first into cello- 
biose; and cellobiose is then changed into glucose by means of the enzyme 
cellobiase. Only after the glucose has been formed does fermentation 
set in. In this, a number of kinds of bacteria may take part, resulting 
in the products named above according to the conditions and the type of 
bacteria involved. Zymase is the enzyme active in this process. 

^Emil Heuser, Clarence J. West, and Gustavus Esselen: “Textbook of Cellulose 
Chemistry.^ McGraw-HiU Book Co., 1924. 
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Lignin 

In spite of the large amount of work done on lignin, it is impossible 
to give it a precise definition. Considering all the results obtained 
through chemical investigations, it must be concluded that lignin is not 
a unit or individual substance, and cannot be expressed by a definite 
formula. Many attempts have been made to give an empirical formula 
expressing its composition, but hardly any two investigators have 
arrived at the same formula. As to its constitutional formula, only a 
few suggestions have been attempted. Chemistry so far has failed to 
reveal its true constitution. 

Different investigators obtain slightly different results in the elemen- 
tary analysis of lignin. The carbon content is considerably higher in 
lignin than in cellulose. Table 3 shows the composition of lignin: 


Table 3. — Analyses of Lignin 


Investigator 

c. 

Per Cent. 

H,. 

Per Cent. 


OCHi, 

Per Cent. 

Fischer and Schrader® 


6.68 


13 10 

H&gglund^ 


5.47 


14.79 

Goldschmidt^ 

1 62.70 

5.17 

32.13 

Klason^ 

63.97 

5 32 

13.19 

15 81 

Beckman, Liesch and Lehman^. . 

62.92 

5.78 

1 

31.60 


« Franz Fischer und Hans Schrader: Ueber die Trockene Distillation von Lignin 
und Cellulose. Gesamm. Ahh. z. Kenntnis d. Kohle (1920) 5, 106. 

® R. Riefenstahl : Der Gegenwartige Stand der Lignin Chemie, Zeii. f, angew. 
Chemie. (1924) 37, 169. 


As to the constitution of lignin, it is assumed from one side that 
lignin is of an aromatic nature; this is denied by others. It has been 
proved that the lignin molecule contains a methoxyl (OCH3) group, the 
source of alcohol in lignin and in wood. The amount of methoxyl is 
shown in Tables 2 and 4. An acetyl group has also been shown to be 
present. Further it is claimed to have several (two or three) hydroxyl 


groups, a carboxyl 


c/ 

\OH 


) 


group, and a ketone group. 


The decomposition of many substances through various agencies may 
be followed step by step and the products determined at every step, thus 
affording a fair knowledge of the composition of the original substance. 
In lignin, this has not been possible and little has been learned in this 
manner. Yet the products obtained through various agents of decom- 
position and the behavior of lignin during the processes have furnished 
valuable data as to its nature. 
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Table 4 . — Ratio of Methoxyl to Lignin in Oven^ry (105® C.) Weight of 

Wood^ 


Species 

No. 

Lignin 

OCHs 

OCHi X 100 
Lignin 

Sap- 

wood 

Heart- 

wood 

Sap- 

wood 

Heart- 

wood 

Sap- 

wood 

Heart- 

wood 

White ash J 

f 

2 

26.95 

27.39 

4.70 

5.36 

17.4 

19.5 

1 

i 

3 

27.39 

28.38 

5.66 

5.20 

20.0 

18.3 

Yellow poplar J 

f 

1 


22.19 

5.81 

5.86 

25.2 

26.4 


i 

2 

23.86 

23.69 

5.89 

6.03 

24.7 

25.4 

Rlfl.f'lc hifikory 


1 

21.87 

22.85 

5.56 

5.79 

25.4 

25.3 

Red alder j 

f 

1 

25.97 

25.68 

2.29 

5.33 

20.4 

20.1 


i 

2 


25.94 

5.26 

5.26 

19.8 

20.3 

Bald cypress j 

f 

1 


33.06 

4.35 

3.94 

12.4 

11.9 

i 

2 

35.31 

32.27 

4.99 

4.07 

14.0 

12.6 

Fastem white pine 


1 

26.52 

26.14 

4.16 

4.60 

15.7 

17.6 

Yellow cedar 


1 

29.03 

28.73 

4.40 

4.81 

15.1 

16.7 

Southern white pine J 

f 

2 

29.85 

31.39 

5.07 

5.00 

17.1 

15.9 

1 

[ 

3 

32.14 

32.42 

5.23 

5.09 

16.2 

15.7 

Incense cedar 


1 

34.73 

33.67 

5.95 

6.21 

17.1 

18.4 


* G. J. Ritter and L. C. Fleck : Chemistry of Wood. VII, Relation between 
Methoxyl and Lignin in Wood. Ind, & Eng. Chem. (1923) 16, 1264. 


The lignin molecule may be decomposed by heating with alkalies, 
by strong reducing agents, and by oxidizing agents. The decomposi- 
tion products may be separated into those that indicate an aromatic 
character, like phenol, quinone, vanillin, protocatechuic acid, and pyro- 
catechin; and such products as indicate an aliphatic character, like 
succinic, malonic, acetic, formic, oxalic and adipic acids. Furfural 
is claimed to have been found by some chemists, but its presence 
is doubtful. 

When lignin is subjected to fusion with potassium, it results in a 
humin-like substance, from which may be separated protocatechuic acid, 
pyrocatechin, vanillin, and adipin in varying but small proportions, 
according to the conditions imposed upon it. Oxalic acid may be 
separated in rather large quantities, as high as 20 per cent. Lignin is 
not attacked by weak reducing agents and energetic reagents like zinc 
dust, iodic acid and phosphorus at higher temperatures must be employed. 
The products are hydro-aromatic hydrocarbons of unknown composition. 
On the other hand, oxidizing reagents, like ozone, hydrogen peroxide, 
potassium permanganate, hydrochloric acid, and chlorine dioxide, 
decomposed lignin easily, resulting in decomposition products of low 
molecular weight that give no clue as to its constitution. According to 
the reagents used and conditions imposed, varying quantities of oxalic 
acid, carbon dioxide, water, formic, acetic, and succinic acids are obtained. 
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The main product is oxalic acid; as much as 20 per cent, of oxalic acid 
was found. 

The products obtained from lignin by dry distillation depends, as 
with other substances, on the conditions of heating. On heating it to 
500® C., Heuser and Skioldebrand obtained 15.8 per cent, tarry water, 
13.0 per cent, tar, and 50.6 per cent, carbon. Fischer and Schrader 
report 10.2 to 13.9 per cent, water, 12.3 to 14.4 per cent, tar, 15.8 to 
19.2 per cent, gas, and 57.0 to 57.2 per cent. coke. 

The gases consist of carbon dioxide, carbon monoxide, methane, and 
a hydrocarbon CnH 2 n. Noteworthy is the low carbon dioxide and the 
high carbon monoxide and methane. 

The watery distillates are composed of water, acetic acid, acetone, 
methyl alcohol, and perhaps vanillinic acid. 

The tars consist of 13 per cent, neutral substances, 34 per cent, 
phenols, 16 per cent, acids, and 37 per cent, water-soluble organic 
substances. 

Calculated for the original lignin we have 1.6 per cent, neutral 
constituents, 4.2 per cent, phenols, and 2.0 per cent, acids. 

Lignin is attacked but slowly by bacteria and fungi. Little, however, 
is known in this respect. Most fungi do not attack lignin when inocu- 
lated. A few fungi, however, one in particular, Trametes pint, will 
attack lignin in wood but not the cellulose. 

Bark 

Bark is a very complex substance, consisting chiefly of bast fibers 
and cork. The composition of cork is also complex, and a number of 
complex substances, like phellonic acid, an alicyclic compound, phloic 
acid, and suberic acid, have been isolated from it. A large number of 
other complex substances have been isolated from various corks. The 
main substance in cork is suberin. Its composition is not known, but 
it is said to be similar in composition to fats and waxes. 

Cuto-Cellulose 

The term cuto-cellulose is applied to covering membranes or cutins 
of plants; their composition is not well known. Recent investigations 
show that they consist of esters of glycerin and fatty acids, and esters of 
higher alcohols and fatty acids, mixed with free fatty acids, and alcohols 
and other substances. Cuto-celluloses form the principal protective 
tissues. They are very resistant to oxidation and weathering, and to 
bacterial and fungal agencies. 

It was assumed for a long time that the so-called cuto-cellulose was a 
combination of fatty, waxy and resinous substances with cellulose. 
Recent investigations® show that no cellulose is present in the compound. 

* Roscoe W. Thatcher: “The Chemistry of Plant Life.'' McGraw-Hill Book Co., 
New York, f921. 



REINHARDT THIE8SEN 


45 


Glucosides 

Glucosides are ethers of some monosaccharide, usually glucose, with 
some closed-ring benzene derivative. They are very common and uni- 
versally present plant compounds. There are a number of types, such 
as phenols, alcohols, aldehydes, acids, oxyflavons, anthraquinone, nitriles, 
pigment, etc., embracing a large number of glucosides. The following 
are a few of the well known: arbutin, digitalin, hesperidine, quercitin, 
salicin, cyanin, coniferin, malvin, populin, indicein, amygdalin, apein. 

The natural glucosides are hydrolyzed readily by boiling with dilute 
mineral acids, and easily by enzymes that occur in the same plant 
tissues but in different cells: The primary products of hydrolysis are 
glucose, or in some cases some other monosaccharide, and some closed- 
ring benzene derivative. A large number of enzymes have been isolated, 
many of which will hydrolyze only one specific glucoside. Micro- 
organisms are able to hydrolyze glucoside in a similar way by means of 
enzymes. The hydrolysis of the following glucosides shows at once 
their structure and the typical reactions: 


1. Arbutin, C12H16O7 


CH 20 H 

OH 

\ 

1 

c 

C 

/\ 

Kc/ ^CH 

HC/ >CH 

! +H 2 O = C6H,206 + 

1 

HC\ ^COCeHijOs 

HCv JCH 


\/ 

c 

C 

H 

OH 

arbutin 

hydroquinone 


2. Coniferin, C16H22O8 


H = CH.CH2OH 
C 
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CH= CH.CHsOH 
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coniferyl alcohol 
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CHO 
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amygdalin + water = mandelonitrile glucoside + glucose 
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mandelonitrile glucoside + water » mandelonitrile + glucose 
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H 

C 


HOCH 


H 

C 



CHO 


CN 

mandelonitrile + water = benzaldehyde + hydrocyanic acid. 


These examples of reactions and structure are sufScient to show their 
general nature. The sugars resulting from the splitting are foods for 
both bacteria and fungi and are quickly decomposed. The benzene 
derivatives are not further available as food for organisms of decay, and 
must contribute to the deposit, absorbed by the woody degradation 
matters. Some of these have been found in peat and in rotten wood, and 
are responsible for the peculiar odor in rotten wood. Vanillin, for exam- 
ple, is a constant substance in both rotten wood and peat. When coal 
is dissolved by means of Schulze’s reagent, the smell of rotten wood is 
pronounced. The disposal of the glucoside in peat is yet a closed 
book. 

Of particular interest are the pigment glucosides, as they are the 
possible mother-substances of the dye substances found in coal tars. 
These are probably the most general and universally present of the 
glucosides. To be assured of this, one has only to look around and 
observe the different colors in plants other than green, particularly in the 
fall. Most, if not all of the red, yellow, blue, and violet are due to these 
glucosides. 

There are four basic types of these glucosides: those with the anthra- 
quinone nucleus, giving rise to the alizarine reds; those with the zanthone 
nucleus, the yellows; those with the flavone nucleus, also the yellows; 
and those with the anthocyan nucleus, giving rise to the interchangeable 
soluble red, blue, and violet colors. They are all of the condensed 
benzene ring type, two rings being united by a third, in which there are 
either two atoms in the ring and one atom and a second attached to the 
opposite carbon in the (C = 0) arrangement. 
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Indican also belongs to the pigment glucosides, but its constitution 
is of an entirely different type. The glucoside hydrolyzes to indoxyl, 
and this is easily oxidized to indigo, the important dye. 


Indican Glucose Indoxyl 

Ci<Hi 70»N + H2O = CeHwOe + CsHjON 
OCcHiiOs H 


c 




Hcr >c 

CH 
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Tannins 

Tannins are either free phenol acids, or more often gliicosides of these 
acids. Common tannin yields 7 to 8 per cent, of glucose on hydrolysis. 
Each glucose molecule has five phenol acid groups attached to it. Tan- 
nins also are common and universal plant products. Barks, as well as 
many leaves, are particularly rich in tannins. 

Essential Oils 


Terpenes and Camphors . — Terpenes are important substances in con- 
sideration of the constitution of coal. They are common plant products, 
frequently associated with the resins. Resins and balsams are often the 
solutions of resinous acids in terpenes. The conifers are particularly 
characterized by secreting large quantities of terpenes, but many other 
plants are also rich in terpenes and essential oils. Like the resins, they 
are found in special cells, ducts, and reservoirs in the wood, bark, and 
leaves. They behave as unsaturated compounds, and are almost all oils 
of high boiling points. They volatilize without decomposition in steam, 
polymerize easily, and reorganize on heating slightly. When exposed to 
the air, they oxidize and harden. They are not decomposible through 
micro-organisms. Many of them are bactericides and are used as dis- 
infectants. Several different types are recognized as follows : 


Hydrocarbon 
oils or 
terpenes 

Oxygenated 

and 

sulfuretted 


Hemiterpenes = CsHg 
Monocyclic = CioHie 
Bicyclic = CioHie 

Polycyclic = (CsHs)!! 

Hydroterpenes = CioHw and CioHjo 
Oxygenated, usually called camphors = alcohol, ketones, 
aldehydes, acids, esters, or phenol derivatives of the 
former. 

Sulfuretted oils 


YOJs. ucxi,— 4 
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The following are common examples: 


Menthane CieHao 
(hydrocarbon) 


CHs 

(Ih 




Menthol (C10H20O) 
(alcohol) 


CH, 
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CH 



I 

CH 
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Menthone (CioHisO) 
(ketone) 
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CH* 

I 

C 


Buccocamphor (CiiHu02) 
(ketophenol) 



(hydrocarbon) 


Borneol CioHitOH 
(alcohol) 



H 

CH, 

H 2 C (!) C = O 


Camphor CioHigO 
(ketone) 



Resins . — Like the terpenes, resins are deposited as a waste matter in 
the wood, bark, and leaves of many plants, but most abimdantly in the 
conifers. They are stored in and held in special vessels, the resin vessels, 
schizogenous cavities or pockets and canals. Many often appear as a 
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viscous solution in terpenes, called balsams and turpentines. Their 
mode of formation is not known. 

When dried they are amorphous, brittle, yellow-brown substances. 
At first, they may be but lightly colored or colorless; but when exposed 
to the air, they often harden and assume a dark-brown color through 
volatilization of the terpenes, but primarily to oxidation becoming 
solid substances. 

Chemically considered, they are composed of a mixture of resinous 
alcohols and phenols, partly free and partly in the form of esters with 
resinous acids or other acids. The amount of free acids is variable; some 
resins are composed almost entirely of free acids. Specific components 
of resins are: Resinic acids or resinole acids, resinic alcohols or resinols, 
resinic phenols, resinic phenols with tannin characters or resinic tanols, 
resenes. As far as they are known, they are ring and conjugated-ring 
compounds and their derivatives. Terpenes are present more or less 
as solvents. With these mixtures many other substances may be present. 

The resins are insoluble in water and acids, but easily soluble in or- 
ganic solvents, like ether, benzol, alcohol, and chloroform. They may 
be more or less completely saponified by alkalies, and are not subject to 
bacterial decomposition. 

Resinic Adds , — Although the chemistry of the resinic acids is still 
incomplete, they are better understood than the other components of 
the resins. They are soluble in alkali carbonates. They are probably 
related to the terpenes. It has been shown by Tschirch® that retene 
is formed when resinic acids of conifers are distilled; and Vesterberg^ 
has succeeded in converting abietinic acid into retene. This leads to 
the belief that they are derivatives of retene (CigHig) 


CHa 
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The same residue is found in fichtelite, a fossil resin. 

Different plants do not contain specific acids. In other words, specific 
acids are not characteristic of certain plants, but are found in mixtures 
of related forms that will differ not only in different kinds of plants, but 
also in the same plant under different conditions and at different times of 
the year. They are not stable, are sensitive to heat exposures; and are 

• A. Tschirch : Die Harze. Gebr. Bomtrager, 685. Leipzig, 1906. 

’ A. Tschirch : loc, cit. 
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easUy oxidized. They are optically active. The best known are 
abietinic acid and pimaric acid. 


H2 H2 

C C 



C C 



ResinoUs . — The resinoles are crystallizable; their character is "partly 
that of phenols, and partly that of alcohols. The best known is 
amyrin, C30H19OH, a triterpin, found in elemi resin. 

Resino Tanols , — The resino tanols are amorphous, aromatic alcohols, 
with characters of tannin. When distilled they yield aromatic hydro- 
carbons, and when oxidized with nitric acid they form picric acid. The 
resenes are but little known. 

Fossil Resins . — The study of fossil resins sheds considerable light on 
the resins in coal. Like resins, fossil resins are complex compounds and 
often mixtures of compounds. Amber is the general expression for a 
fossil resin. But amber, like resin, is not a specific term for a specific 
substance, but is a collective name for a number of substances or mixture 
of substances. More precise names for fossil resins are succinite and 
fichtelite, the best known of a long list. Succinite is the resin found in 
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fossil pines, Pinus succinifer and Pinus sylvatica, Pinus Baltica and 
Pinu8 cembrifolia. 

Succinite has been the object of a series of investigations over a 
considerable time. The great difficulty in its investigation lay in its 
difficult solubility in all solvents. After many months of treatment with 
alcohol in a reflux condenser, only about 30 per cent, was soluble. This 
part was found to consist of borneol and succino-abietinic acid. The 
borneol amounted to 2 per cent, and succino-abietinic acid 28 per cent, 
of the total succinite. Being found in many conifers, it is assumed that 
borneol and abietinic acid are present as an ester. 

The remaining 70 per cent, was not completely soluble in all known 
solvents, none having the least effect on it except chloroform and carbon 
disulfide, which caused it to swell considerably, but dissolved but very 
small quantities after days of boiling. After repeated renewal 0.5 per 
cent, of alcoholic potassium dissolved 7.8 per cent., which proved to be 
succinic acid. After further treatment with alcoholic potassium, the 
remaining residue proved to be a resinole, C12H20O. 

Fichelite is another substance that gave up its secrets only after 
repeated attacks of a number of investigators over a considerable number 
of years. It withstood every attempt to split the molecule step by step. 
It was finally shown to be a perhydrate of retene: C18H32. 



Fichelite 
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CC3H, 


\ 

C 

H 


Retene 


Abietinic acid, CigHjgOj, which has a similar structure, has been 
changed into retene. 
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Vegetable Bases 

In the vegetable bases, we find characteristically nitrogenous com- 
pounds of plants. They may be divided into three groups: Plant 
amines, which are simple open chain compounds; alkaloids — simple 
closed ring compounds, including a nitrogen atom in the ring; purine 
bases — complex compounds containing a nucleus with four nitrogen 
atoms arranged alternately to form a double ring. 

Amines 


The simple amines may be considered to be derived from ammonia 
or ammonium hydroxide as follows: 

/H /R /R /R /R yH 
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The ptomaine poisons are examples of this class: 
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Phenyl derivatives are also found, like 

hydroxyphenylethylamine : HCK ^ ^ ^Hg.CHa.NHs 

and hordine : HO<( ^CH».HiN(CH,)8. 


These, however, are probably of no great importance as mother sub- 
stances of nitrogen in coal, because on hydrolysis the nitrogenous product 
would further decompose to ammonia. 


Alkaloids 


Alkaloids are vegetable bases whose nitrogen is part of a heterocyclic 
closed-ring arrangement. They are insoluble in water. They may be 
grouped according to their structure into the following groups: 
Pyrrolidine group: 



Pyrrolidine 

Other members of the group are stachydrine and hygrine. 


The pyridine group: 


H 

C 



Pyridine 


Other members of this group are piperidine, nicotine, and conine: 


H2 

C 
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The tropine group: 


H* 

C 



Cocaine and atropine also belong to this group. 
The quinoline group : 


H H 

C C 



H 


to which also belong quinine, strychnine, and cinchonine. 
The isoquinoline group: 


H H 

C C 



to which also belongs morphine with a very complicated structure. Some 
alkaloids are composites of two or more of these groups, like nicotine, 
which is a combination of pyrridine with a pyrrolidine nucleus. A large 
number of alkaloids are now known. 

Purine Bases 

Purine bases are widely distributed in plants. They may all be 
thought of as being derived from purine: 
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N=~CH 

HC C 

! li 

'! 

N --- C 

To this class belong, among many others: xanthine, uric acid, guanine, 
theobromine, theophylline, and caffeine. 

Biochemical Decomposition 

A knowledge of the chemistry of plants alone will add but little to a 
comprehensible knowledge of what the plants contribute to coal, because 
plants did not contribute their products in their original state nor did all 
remain to contribute. Long before the real coalification processes began, 
the contributing plant matter was subject to a drastic biological trans- 
formation — ^in brief, decay. Before going any further, we must inquire 
more thoroughly into the question as to what is decay, what is the 
mechanism of decay, and what are the results and products. 

Decay 

Micro-organisms require food for building up their bodies and to 
supply energy. The sum of the changes going on in the body is called 
metabolism. Metabolism consists of several separate functions: the 
building up of the body, called anabolism; the deterioration or tearing 
down, called katabolism; and the most important one, to supply energy, 
called respiration or fermentation. The last function is well known 
and may be produced in the laboratory without micro-organisms. 
The processes of katabolism are partly known, while anabolism or the 
synthetic processes are known but very little. Many organisms live 
upon cellulose, starch, fat, gelatin, keratin, and other water-insoluble 
foods. But their life processes depend on water-soluble foods, or 
foods that will diffuse into the cell wall and come in contact with 
the protoplasm where all metabolism takes place. But as insoluble 
foods do not diffuse into the cell and the protoplasm cannot diffuse out, 
the insoluble foods must first be transformed into soluble ones. This 
the organisms accomplish by secreting substances that will split the 
insoluble foods into soluble parts. The substances that bring about 
these transformations are called enzymes. The soluble compounds thus 
formed can then diffuse into the cell of the micro-organism, where they 
are digested or fermented, by the aid of other enzymes, and yield the 
energy for the cell, and build up the cell. Many l^ds of enzymes are 
known, each one acting in a specific way on a specific substance. It 
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will be seen then that the process involves two definite stages: food 
preparation, and digestion or fermentation, also called respiration. 
The insoluble foods often are broken down step by step before they are 
actually ready for the final step. This is well illustrated by fungi living 
on starch. Starch is first changed by means of the enzyme diastase to 
maltose; maltose is split by maltase to glucose; glucose diffuses into the 
cell where it is finally changed by the aid of zymase to alcohol and carbon 
dioxide. This last change is the vital one; it furnishes the energy 
required. The first steps are preparatory. The organism could live 
equally well on maltose, in fact, more economically. Another example 
is found in bacteria living on cellulose, as already noted. These secrete 
the enzyme cellulase. Cellulase changes cellulose first into cellobiose 
and cellobiose is then changed by the enzyme cellobiase to glucose, 
glucose is diffused into the cell where it is fermented by means of the 
enzyme zymase to alcohol and carbon dioxide or the glucose may be 
changed into other substances. The last stage furnishes the energy. 
It cannot live on alcohol and carbon dioxide! 

It must not be thought that decomposition of starch and sugar is 
always as simple as given in the examples. To discuss the various 
ways in which the sugar, starch, and other carbohydrates may be decom- 
posed would go too far for this purpose, and cannot even be outlined 
here. Besides alcohol and carbon dioxide, organic acids are also formed 
in certain cases. The organic acids and alcohols can be decomposed 
further by both bacteria and fungi, and by some yeasts, to simpler 
compoimds. Ordinarily, this decomposition consists in complete oxida- 
tion. The acids are completely oxidized to carbon dioxide and water. 
Alcohol is first oxidized to acetic acid, and this to carbon dioxide 
and water. 

The discussion and example just given plainly show two kinds of 
reactions. The one is hydrolytic and the other fermenting or respiratory. 
Besides these in bacterial decomposition, two other groups are distin- 
guished; namely, oxidizing and reducing. 

Enzymes may therefore be classified as follows: 

Hydrolytic enzymes: 

1. Of carbohydrates: cellulase or cytase, diastase or amylase, inver- 
tase, lactase, maltase. 

2. Of fats: lipase. 

3. Of proteins (a) proteolytic: pepsin, trypsin, erapsin; (6) coagu- 
lating: thrombase, rennet. 

4. Of glucosides: emulsin. 

Zymase or fermenting enzymes: 

1. Of carbohydrates: zymase, lactacidase. 

2. Of other nitrogen-free bodies: vinegar — oxidase. 

3. Of proteins: endo-tryptase, amidase, urase. 
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Oxidizing enzymes: 

1. Oxidase, tyrosinase. 

Reducing enzymes; 

Catalase, reductases of nitrates, sulfur, sulfates, etc. 

Probably all micro-organisms produce several to many enzymes. 
As was shown before, several are necessary to decompose a substance 
hydrolytically before it can ferment; diastase changes starch to maltose, 
maltase changes maltose to dextrose, and finally the Zymase changes 
dextrose to alcohol and carbon dioxide. The number of enzymes in 
some organisms is large. It has been found that Aspergillus nigar and 
PeniciUium camenberti produce almost all the enzymes that have ever 
been found. Many organisms live on the products of others; this is 
called symbiosis. In some bacteria, a symbiotic relationship is abso- 
lutely essential. 

The two terms hydrolysis and respiration or fermentation cover 
air the principles underlying decay. The term putrefaction is often used, 
particularly when decomposition is accompanied by fetid odors. As 
bad odors are due to certain sulfur compounds and as these can only be 
formed from organic substances containing sulfur, like the proteins, 
putrefaction has come to mean protein decomposition. The statement 
is sometimes also made that putrefaction is caused exclusively by anae- 
robic bacteria. It was first used by Justus Liebig in this sense. This is 
incorrect, as both aerobic and anaerobic bacteria are instrumental in 
proteolitic decomposition, in fact aerobic more generally than anaerobic. 

Types of Bacteria and Fungal Decay 

In the previous section was described the mechanism of decay by 
bacteria and fungi, but it is also of great importance to take into con- 
sideration the types of bacterial and fungal decay. 

We have already seen that plants alone can manufacture carbo- 
hydrates, by means of a process called photosynthesis with the aid of 
cUorophyl and light. From the carbohydrates, the plants manufacture 
further proteins, by the addition of an NH 2 group obtained from nitrates 
in a manner as yet unknown. As in bacteria, this process of^building up is 
called anabolism. The plant also carries on other life functions, that of 
tearing down, called katabolism. By this process, many other plant 
products are formed, usually termed waste products, already mentioned. 
All the functions of the plant taken together are called metabolism, 
and produce the plant with all there is to it, the plant as a whole. Ani- 
mals depend solely on plants for their existence, and the few changes 
that occur from plants into animals may be ignored for the purpose of 
this study. 

With few exceptions plants, together with that part transformed 
into the animal body, constitute the organic matter on earth. All 
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organic matter is undergoing continuous changes. Organisms not only 
grow, they also decompose. The same carbon, hydrogen, oxygen, 
nitrogen, and sulfur molecules that chiefly constitute the organic world 
of today, constituted it as long as life has existed. While green plants 
build up the organic compounds, the bacteria destroy them. Without 
bacteria, the world would soon be filled with undecomposed organisms 
and new life would soon be impossible. The substances that compose 
even organisms therefore go through cycles, as discussed in the follow- 
ing section. 

The Carbon Cycle . — Carbon is the most important element in life. 
Beginning with the simplest compound, carbon dioxide of the air, it is 
absorbed by the green plants and is changed, together with water, into 
carbohydrates, like sugars, starch, cellulose, lignin; or into fats, acids, 
and to protein on further addition of nitrogen from nitrates, and sulfur 
from sidfates, and to other substances. The plants will either die and 
decay, or be eaten by animals that die and decay. Both plants and 
animals are decomposed step by step, until finally returned to carbon 
dioxide and water. Even methane, alcohol, and the toxic compounds, 
as morphine, nicotine, and others, are eventually returned by bacterial 
action to the elements. 

Both hydrogen and oxygen are so closely linked with the carbon 
atom that they may be said to go through the same cycle with the 
carbon atom. In fact, in most cases, it is the oxygen atom the bacteria 
arfe after. 

The Nitrogen Cycle . — Nitrates in a large measure, and ammonia to 
some extent, constitute the sources of nitrogen of the higher plants, which 
transform them into amino acids, amides, and proteins by combining the 
NH2 ion derived from them with carbohydrates previously manufactured 
by the plants from carbon dioxide and water. Leaving out of consider- 
ation the part played by animals that live on plants, there are eight or 
nine well-known phases of transformation of nitrogen by micro-organisms: 

Protein decomposition. 

Ammonia formation. 

Nitrification. 

These three constitute the normal steps in the mineralization of nitro- 
gen and are the counterpart of the processes performed by the higher 
plants. 

Reduction of nitrate to nitrite and ammonia 

Assimilation of amino and ammonia. 

Assimilation of nitrate nitrogen to proteins. 

These three constitute the retrograde changes and are in competition 
with higher plants. 

Denitrification or liberation of nitrogen from nitrates or nitrites. 

The oxidation of ammonia to free nitrogen and water. 

Fixation of free nitrogen. 
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Decomposition of Proteins . — Because of the varied compositions of 
proteins, their decomposition varies considerably and ends in widely 
differing results. The processes are but little known. A large number 
of molds, yeasts, bacteria, protozoa, and other organisms are always at 
hand to attack any protein substances as soon as the death of a plant or 
animal sets in and the factors that check bacterial activities disappear. 
Aerobic and anaerobic, psychrophilic and thermophilic organisms may 
be active. A considerable number of different kinds of enzymes are 
active in this transformation. The first decomposition products are 
formed through hydrolysis, the same as in carbohydrate decomposition. 
The amino acids are the first well-known compounds of protein decom- 
position; other products are the amides. 

Formation of Ammonia . — From here on decomposition proceeds 
through a large number of intermediary compounds, some of them with 
very disagreeable odors. The end product of the nitrogen-containing 
fragment is always ammonia. 

Besides the proteins, there are a large number of other nitrogenous 
compounds in plants and animals, like chitin, quinine, strychnine, mor- 
phine, nicotine, etc., and all of these are eventually decomposed and the 
nitrogenous fragments resulting are composed of ammonia. It must be 
understood, however, that the various compounds do not decompose 
with the same ease. Those that generally serve as foods are very easily 
decomposed; those that function in protection or are waste products 
decompose with difficulty; and those that are classed among the toxins 
decompose only under special conditions. 

Nitrification . — It is said that the last fragment of protein decomposi- 
tion, as well as that of other nitrogen compounds, is ammonia. Ammonia 
may further be transformed into nitrite, through an oxidation process 
by means of nitrite bacteria. Nitrate bacteria then completes the 
oxidation of nitrite to nitric acid. Basic substances that may be present 
will then neutralize the acid, forming nitrates. The nitrates are then 
again available for plants. The nitrite and nitrate formation proceeds 
simultaneously in the soil. As a rule, the presence of organic substances 
is favorable to the nitrifying organisms; and the more humus there is 
present in the soil the more active are the organisms. In peat bogs, how- 
ever, nitrifying organisms are not active. In these, there are not enough 
basic compotmds necessary to neutralize the nitric and nitrous acids 
formed and not enough oxygen to permit rapid oxidation. 

Nitrate Reduction . — There is a large number of bacteria that perform 
the opposite transformation and reduce nitrates to ammonia. Two 
steps are necessary in some cases, one set of bacteria reducing to nitrite 
and another the nitrite to ammonia, but others reduce direct from 
nitrate to ammonia. 
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All humus compounds and other easily oxidizable substances may 
actively bring about nitrate reduction, and may entirely replace bacterial 
nitrate reduction in peat bogs. Even when micro-organisms are present 
it is not always their oxygen requirement that is responsible for this 
reduction. Many products formed by them are easily oxidized and may 
bring about nitrate reduction. This is the reason why peaty, swampy, 
and water-logged soils are poor in nitrates. When such soils are aerated, 
ammonia is again nitrified. 

Amino-nitrogen, Ammonium Nitrogen and Nitrate Nitrogen Assimila- 
tion. — A large number of species of bacteria and fungi have been isolated 
that will transform ammonia, amino-nitrogen, as well as nitrate nitrogen 
into protein compounds. This is a common occurrence, but it depends 
on various conditions. 

Liberation of Nitrogen. — The liberation of nitrogen is purely chemical 
and may occur when amides and ammonia have an opportunity to react 
with nitric acid. 

Denitrification. — Denitrification may be defined as the reduction of 
nitrates by bacteria, involving the evolution of nitrogen gas or nitrogen 
oxides. It should not be employed to designate losses of nitrogen gas 
due to the oxidation of ammonia, or the disappearance of nitrates, 
following their conversion into protein by micro-organisms. 

There are a large number of species of bacteria, mostly anaerobic, 
that can reduce nitrates to nitrites and ammonia; a considerable number 
are known that cause complete reduction of nitrates with the evolution 
of nitrogen and nitrogen oxides. Denitrification occurs most often 
and most actively in soils containing an excess of undecomposed organic 
matter. They ordinarily grow under aerobic conditions, but they can 
also thrive under anaerobic conditions, but only when nitrites and nitrates 
are present. They cannot exist in the deeper strata of peat bogs. 

Nitrogen Fixation by Soil Bacteria. — It is well-known that the nitrogen 
content in ordinary uncultivated soil rich in vegetal matter increases 
without human interference. This increase is due to the annexation of 
atmospheric nitrogen, through the agency of micro-organisms. 

A number of bacteria have been isolated and grown in nitrogen-free 
culture solutions where they assimilated free nitrogen. Carbohydrates, 
such as starch, sugar and cellulose, are necessary as soil ingredients for 
the existence of such bacteria. Experiments have shown that as much 
as 53.6 gm. of nitrogen have been fixed per liter of bacterial cul- 
ture solution. 

Nitrogen Fixation by Nodule Bacteria. — It is common knowledge 
that when crops like grain and corn are raised, there is a loss of nitrogen 
in the soil, and that when certain other crops are raised, notably clover 
and alfalfa, the nitrogen content is increased. Experiments have shown 
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that a c^ain clover added more than 200 lb. of nitrogen per acre to 
the soil. 

As is well known, the legumes in general grow a large number of 
nodules or tubercles on their roots and root-hairs. These nodules are 
filled with rod-shaped bacteria, called bacteria adiciola. These bacteria 
are capable of fixing nitrogen from the air, which becomes a part of their 
protoplasm; but how the clover extracts the nitrogenous substances 
formed is yet unexplained, but as far as known nitrogen fixation always 
leads to protein compounds in the plant. No other products of assimila- 
tion have ever been found. 


Wood Decay 

In decaying wood, the highly complex components pass into products 
of decreasing complexity until finally all pass into carbon dioxide (CO2), 
water (H2O), methane (CH4), and hydrogen (H2). Between sound wood 
and the final products must exist a series of intermediate products. 
Wood in peat, therefore, must contain many of these products in 
various stages of arrest. 

Wood decay is accompanied by a very rapid fall in cellulose, while 
the lignin complex, being far more resistant than the cellulose or 
not attacked at all, remains almost constant. As decay progresses, 
there is a very decided increase in the less stable P cellulose, a large loss 
in the more stable a cellulose and a slight loss of the 7 cellulose. The 
difference in sound and rotten spruce wood is shown in Table 5.® 


Table 6 . — Chemical Composition of Sound and Rotted Spruce Wood 



Sound Spruce 
Contained 
Per Cent. 

Badly Rotted 
Spruce Con- 
tained. 

Per Cent. 



28.30 

38.20 

Cellulose, total 

68.58 

42 00 

Clftlhilnoe 


f 63.36 

1 

17.00 

fi r!Al1ii1nse 


10.37 


74.60 

y CAlliilose 


28.08 


8.40 

Pentosan 


[ 11.88 


8.60 

Methylpentosan 


1.88 


2.84 

Ash 

0.17 

0.46 

Cold water soluble 

2.30 

6.68 

Hot water soluble 

3.90 

11.92 

1 per cent. NaOH soluble 

8.83 

44 00 

7,14 per cent. NaOH soluble 

18.80 


62.36 

1.47 

Ether soluble 

1.24 



•M. W. Bray and Joseph Staidl: The Chemical Changes Involved during 
Infection and Decay of Wood and Wood Pulp. Ind, Eng, Chern. (1922) 14, 
35. 
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In Table 6, the differences in sound heartwood, partly rotten heart- 
wood and more completely rotted heartwood of the Douglas fir is given:* 


Table 6. — Composition of Decayed Wood 



Sound Wood, 
Per Cent. 

Partly Rotten 
Wood, 1 

Per Cent. 

More Com- 
pletely Rot- 
ted, Per Cent. 

Cold water soluble 

4.03 

1.76 

1.16 

Hot water soluble 

2.23 

4.19 

7.77 

Alkali soluble 

10.61 

38.10 

65.31 

Cellulose 

58.96 

41.66 

8.47 

Acid hydrolysis 

0.71 

0.28 

0.17 

Pentosan 

7.16 

6.79 

2.96 

Methylpentosan 

2.64 

3.56 

6.05 

Methoxyl group 

3.94 

5.16 

7.80 

Moisture 

9.81 

10.63 

9.09 

Ether extract 

2.71 

2.05 

2.72 

Ash 

0.15 

0.15 

0.65 


As decay proceeds the cellulose disappears more and more, leaving 
finally very little or nothing but the so-called humin, a product of the 
original lignin of the lignocellulose proper. Recent experiments with 
fir wood containing 60 per cent, cellulose, after 6 months rotting con- 
tained 26.8 per cent., after 1 year 10.90 per cent, and after 3 years 6.05 
per cent. The lignin complex lost about 3 per cent, in 3 years and then 
remained constant. It must be remembered, however, that wood con- 
tains a number of adventitious substances, like fat and waxes and others. 
These are not decomposed by organisms of decay, as shown in the 
ether extracts. 

The foregoing account and tables are from studies made on materials 
that were infected with mixtures of organisms. Bray and Andrews^® 
later carried on investigations at the Forest Products Laboratory, Madi- 
son, Wis., to show the chemical changes brought about in wood when 
infected by specific organisms in pure culture. The results are shown in 
Table 7. 


•Robert Evstafieff Rose and Martin William lissi: The Chemistry of Wood 
Decay. Ind. dt Eng. Chem. (1917) 9 , 284. 

M. W. Bray and T. M. Andrews: Chemical Changes of Ground Wood during 
Decay. Ind, & Eng, Chem, (1924) 16 , 137. 
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Table 7. — Analysis of Ground Wood Based on Equal Weights of Sample 
Analyzed {Per Cent) {after Bray and Andrews) 


Sample 

Orsanism or 
Culture No. 

Storage Time, 
Months 

Water 

Soluble 

1 Per Cent. 
Alkali Soluble 

fl 

1 

s 

Cellulose 

a Cellulose 

6 Cellulose 

7 Cellulose 

Pentosan 

Methoxyl 

Copper No. 


Cold 

Hot 

2544 

Sound 

0 

0.0 

1.2 

10.1 

29.7 

i 

60.0 60.5 

24.5 

15.0 

12.0 

5.5 

4.4i0.6 

100 

4620-2 

6 

11.1 

17.96 

54.9 

38.0 

36. 7.19. 6 

67.2 

13.2 





102 

4620-2 

12 

14.8 

22.2 

66.8 

53.4 

21.8 






16.75 

182 

4620-2 

36 


16.5 

70.0 

71.0 

16.1 




6.8 

7.2 

23.0 


130 

Fomes roseus 

6 

3.2 

6.4 

33.0 

34.1 

49.4 

49.7 

38.9 

11.6 





181 

Fomee roseus 

9 

3.7 

5.6 

33.6 

34.8 

60.7 








167 

Lentinus lepideus 

« 

9.6 

15.1 

52.3 

36.7 

40.9 

61.7 

36.8 

11.6 





168 

Lentinus lepideus 

9 

13.9 

22.6 

58.2 

41.1 

37.1 








106 

4620-1 

6 

12.3 

17.7 

52.4 

39.5 

37.3 

23.6 

68.4 

8.0 




107 

4620-1 

9 

16.622.8 

62.2 

43.1 

27.2 








108 

4620-1 

1 9 

14.921.2 

62.0 

46.5 

27.6 








148 

Peniophora tabacina 

6 

5.6,10.4 

j 

40.4 

32.1 

46.8 

55.4 34.2 

i 

10.4 





Table 7 shows only the amount of the constituents of decayed wood in 
percentages of the decayed wood itself; Table 8 shows the percentage 
of the different constituents based on the original dry wood : 


Table 8. — Analysis of Ground Wood Based on Equal Weights of Original 
Sample {Per Cent) {after Bray and Andrew^) 



Organism or 
Culture No. 

Storage Time, 
Months 

Loss Due to 
Decay 

Water 

Soluble 

1 Per Cent. 
Alkali Soluble 

Lignin 

Cellulose 

a Cellulose 

$ Cellulose 

7 Cellulose 

Pentosan 


d 

Sample 

Cold 

Hot 

?? 

o 

■*» 

s 

u 

V 

Q. 

§■ 

o 

2544 

Sound 

0 

0.0 

0.0 

1.2 

10.1 

29.7 

60.0 

36.3 

14.7 

9.0’ 

12.0 

5.6 

4.4 

100 

4620-2 

6 

27.12 

8.1 

13.1 

40.0 

27.7 

26.8 

6.1 

18.0 

3.6 




102 

4620-2 

12 

49.5 

7.6 

11.1 

33.4 

26.7 

10.9 







182 

4620-2 

36 

62.4 


6.2 

26.8 

26.7 

6.05 




2.56 

2.7 

8.65 

130 

Fomes roseus 

6 

10.3 

2.9 

6.7 

29.6 

30.6 

44.3 

22.0 

17.2 

6.1 




131 

Fomes roseus 

9 

12.94 

3.2 

4.9 

29.2 

30.8 

43.8 







157 

Lentinus lepideus 

6 

21.64 

7.6 

11.8 

41.0 

28.8 

32.1 

16.5 

12.0 

3.6 




158 

Lentinus lepideus 

9 

30.81 

9.7 

15.7 

40.6 

28.6 

25.8 







106 

4620-1 

6 

22.2 

10.8 

13.7 

40.8 

30.7 

29.0 

6.9 

19.8 

2.3 




107 

4620-1 

9 

33.11 

11.1 

15.3 

41.6 

28.8 

18.2 







108 

4620-1 

2 

38.63 

9.8 

18.0 

38.0 

28.5 

16.9 





1 


148 

Peniophora tabaoina. . . 

6 

18.5 

4.8 

9.0 

34.9 

27.7 

40.6 

22.5 

13.9 

4.2 





Remaining Residue of Wood or Humus Formation 

During the process of decay, lignin does not decay uniformly and 
probably proceeds very slowly by stages. Few experiments have been 
carried on and little has been recorded that furnishes any knowledge 
of the lignin degradation or so-called humus formation. 

In consideration of the facts known concerning lignin, lignocellulose 
and cellulose, it may be assumed that the residue of thoroughly decayed 
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Wood is the same as the lignin prepared from wood by artificial means. 
This reasoning has not been verified by exact chemical means; on the 
other hand, however, nothing has been furnished to show the contrary. 

Bray and Andrews found that when in decaying wood the results 
were calculated on the original sound-wood basis, the value of the 
lignin remained practically constant or only a slight decrease may be 
observed. After one year of storage after inoculation of lignin, a 3 per 
cent, loss was observed; after three years of storage no further loss 
resulted. This loss is accounted for by the loss of the methoxyl group, 
which in this particular case was 2.8 per cent, of the original wood. 

, How long the lignin will resist the attack of micro-organisms under 
favorable conditions is not known. According to certain observations 
so-called rotten wood and rotten logs in the primeval forests must have 
been exposed in this condition for several hundred years, yet are still 
fairly compact. The same forests show that the tree trunks finally do 
disintegrate to such an extent that the remainder is merely in the form 
of a dust. How much older these are, it is not possible to estimate. In 
the peat bog, further decay is checked relatively early. 

Thoroughly rotted wood consists partly of water-soluble substance, 
partly of alkaline soluble substances, and an insoluble residue much richer 
in carbon. A reliable record has been made by Wehmer. He separated 
rotten fir wood, Picea exelsa, into the following substances: 

Humin I. Cold-water soluble. A brown-black, glistening, hard 
lac easily soluble in water, extractable with hot water. 

Humin II, Hot-water soluble. A coal-like, dull powder, composed 
of small spherical grains of 1-5 mm. in diameter, extractable with hot 
water, precipitating on cooling as a brownish gray sediment. 

Humin III. Alkali (2 per cent.) soluble. Glistening, brownish black, 
brittle pieces, unsoluble in water, extractable with 2 per cent, solution 
of soda as a dark brown solution, coagulating with acids in fluffy flakes. 

Humin IV. An insoluble peat-like compact brown residue retaining 
the woody structure. Table 9 shows the percentage composition : 


Table 9. — Composition of Substances in Rotten Fir Wood 


Substance 


Humin I . . 
Humin II . 
Hmnin III 
Residue. . . 
Water 


I Per Cent. 


46.4 
51.6 
64.1 

60.5 


H2, 

Per Cent. 


! 6.0 

I 5.6 

I 8.0 

9.35 


Per Cent. 


I 

47.5 

42.8 

28.0 

30.14 


Per Cent. 


12.5 
1.5 
7.4 

51.6 
27.0 


Zum Abbau der Holzsubstanz durch Pilze. Ber,-Deutsh. Chem. GeseL (1915) 
48 , 130-134. Rev, KoU Ztschr, (1915) 16 , 181, 
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A sample of wood, with a 51 per cent, carbon content, during complete 
decay yielded (1) 50 per cent, of CO 2 , H 2 O, and some fungal remains; 
and (2) 50 per cent, of humified wood, with a carbon content of 56.8 per 
cent. The humified wood was separable into (a) 15 per cent, water- 
soluble substance with a carbon content of 46.4 to 51.6 per cent., (jb) 35 
per cent, alkali-soluble substance, with a carbon content of 64 per cent., 
and (c) 50 per cent, insoluble substance, with a well-preserved 
woody structure with traces of cellulose. 

Pectin . — Pectin is readily decomposed by micro-organisms. An 
enzyme, pectinase, first hydrolyses it to arabinose. This sugar is then 
fermented through the agency of zymase, resulting in some cases in carbon 
dioxide and butyric acid, and in alcohol, formic acid, acetic acid and ace- 
tone in other cases. A number of bacteria have been isolated that will 
decompose pectin but no other compound of the plant. A number of 
fungi will also dissolve pectin. 

The cells of all plant tissues are cemented together by means of a 
thin layer of pectin, called the middle lamellae. On hydrolysis of the 
middle lamellae, the tissues disintegrate into their fibers or cells; fruits in 
such cases are said to become mushy. The retting of hemp and flax 
depends on the solution of the middle lamellae by means of bacteria. 

Hemi’<ellulose . — The hemi-celluloses, such as pentosans, mannans, 
and xylans, are also dissolved by a series of bacteria. The hydrolyzing 
enzyme is xymase. No bacteria has been isolated that will decom- 
pose galactan. 

How Plants Contribute to the Bog 

During every growing season plants grow new leaves, young shoots, 
flowers, seeds, pollens, and spores; wood and bark are added to the stems, 
besides, certain secretions such as gums, resins and tannins, mostly prod- 
ucts of disassimilation, are deposited in ducts and reservoirs throughout 
the plants. Also, every year the plants shed the leaves, blossoms, 
pollens, spores, part of the bark as a natural sequence of the life processes 
of the plant; twigs, branches, and trees are broken or torn down by the 
wind, ice, sleet, and snow. Trees or parts of trees die through injury and 
sooner or later drop in a semi-decayed condition. Many trees, on account 
of the loose ground they live on, are not able to hold up and gradually 
lean over more and more until they lie flat on the ground, and sooner 
or later are buried dead or alive by subsequent debris. Thus, in the 
long run, an equilibrium is maintained between growth and drop. 

The dead material, as long as uncovered by water, undergoes a rapid 
decay, begun by fungi and maintained by fungi and bacteria. Fungi 
soon transform these plant parts into a soggy mass and prepare it for the 
attack of bacteria. As long as it remains exposed to the air, decay 
proceeds rapidly. Much of it decomposes completely, some of it remains 
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in a s(;iui-(locay(Hl condition. In this state, much of it crumbles and much 
of this is transformed into a fine debris. In this condition, the mass is 
sooner or later covered by subsequent decaying vegetable matter and 
becomes submerged below the water level. Once in this position, decay 
proceeds through bacteria alone and very slowly, partly on account of the 
exclusion of air and partly on account of the antiseptic condition of the 
mass caused by the decomposition products themselves. Slow changes, 
however, are taking place in the bog, and even at considerable depths 
below the surface. This is shown by the change from a more immature 
peat in the upper strata to more and more mature peat in the deeper 
strata. Living bacteria are found at all depths of the bogs, and gases, 
mostly methane, are constantly being given off from the deposit. These 
bacterial activities deprive the deposit more and more of its oxygen and 
render it a highly reducing agent. 

Differential Rates of Decomposition of Plant Substances 

Not all plant substances decompose with the same ease, in fact some 
do not appear to be attacked at all by agencies of decay while others 
rot very quickly. The plant components that constitute the living part 
of the plant, as also the plant foods and reserve substances such as the 
sugars, starches, and gums, are relatively easily decomposed, and rela- 
tively little remains of them during ordinary rotting on the surface. 
The cell- wall components, also, vary greatly in the ease with which they 
rot or decompose. The hemi-celluloses, hexoses and pectins, decom- 
pose more easily than the celluloses, w^hich are quite resistant. The 
cuto-celluloses are the most resistant to decay. The largest part, as 
has already been intimated, is contributed by the wood of plants. 

As shown, in rotting wood the cellulose disappears rapidly, while 
the lignin complex or certain parts of the lignone complex remains; 
and it is this part that niainl}^ contributes to peat. From laboratory 
experiments, it would seem that after three 3"ears of exposure in moist 
conditions no (or but little) cellulose remains. 

Those substances that are here called the “protective substances,” 
are all resistant to agencies of decay. To them belong cuto-cellulose, 
wax, fats of higher molecular weight, and resins. The cuticles of many 
plants, the spore exines and pollen exines, are largely composed of such 
substances and undergo but little chemical change. The waste products, 
in general disassimilation products no longer available as foods, are also 
not readily decomposed; to these belong the resins, terpins, alkaloids and 
purine bases. Because these substances undergo little or no decom- 
position and as those substances that form the bulk of the plant mass 
undergo considerable decomposition, the former substances remain in 
relatively very much larger percentages than found in the plant origi- 
nally. It is thus seen that a selection or an accumulation of the more 
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resistant substance is going on all the time and the more resistant the 
less is their loss, and that the more and most resistant substances accumu- 
late proportionately faster than the least and the less resistant. It is 
another case of the survival of the fittest. 

Differential Decay of Different Species 

It is well known that certain species of plants are subject to decay 
much more readily than others. Among the swamp-loving plants, it 
may be observed that a black ash is decomposed more readily than a 
spruce or a balsam, a balsam quicker than a tamarack, and a tamarack 
quicker than a cedar. The black ash is the least resistant and the cedar 
the more resistant tree to biochemical decay. In the same swamp, a 
black ash may be decomposed to a debris, while a cedar tree lying beneath 
it is still hard and sound. 

If the different peat-forming trees always grew in a mixed condition, 
a differential decay would not visibly influence to produce different 
kinds of peat. But we do not find them growing that way. It may be 
observed that, because of certain conditions, the kinds of plants growing 
in a swamp are restricted to one or two species with only a few other 
species sparingly intermixed. We thus come to speak of a cedar swamp 
in which by far the most predominant tree is the white cedar, with only a 
few other species intermixed. Likewise are the tamarack swamps, the 
black-ash swamps, the bald cypress swamp, the spruce swamp and 
so forth. 

When the peat deposits formed by these different floras are examined, 
it is found that each has characteristics of its own. The black ash, which 
is quickly attacked, furnishes a much macerated peat deposit; on the 
other hand the white cedars furnish a deposit characterized by a large 
number of tree stems; and tamaracks furnish a well-macerated peat but 
characterized by its resinous matter. 

The foliage of the trees that form the flora of a swamp influence the 
nature of the deposit as much or more than the nature of the woody 
parts. The surface layer of a cedar swamp differs widely from that of a 
tamarack swamp or a black-ash swamp as a result of the difference in 
the decomposibility of the leaves, and surely the peat derived from them 
must differ as much. 

The exact cause of the difference in durability in wood is not known, 
but it is quite certain that the chemical composition of the wood is a 
large factor. It has been shown by Hawley, Fleck, and Richards^^ 
that woods in which the extracts are the most toxic are also the most 
resistant to decay. It was also found that the extract of the heartwood 

PL. F. Hawley, L. C. Fleck, and C. A. Richards: The Relation between Dura- 
bility and Chemical Composition in Wood. Ind, & Eng, Chem. (1924) 16 , 699. 
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is more toxic than that of the sapwood. It has always been supposed 
that the lesser durability of the sapwood was due to the larger amount of 
sugars and starch in it, and thus further the growth of micro-organisms. 
Although this may be a factor, the greater toxic content of the heartwood 
is probably the greater. 

Plant Matters Buried Alive 

It has been mentioned that a considerable number of trees recline 
more and more until they lie flat on the ground and eventually are buried 
alive. Secondly the root complex of the flora of the swamp, while they 
never penetrate far into the peat stratum below, living roots remaining 
relatively near the surface, by the time they die are covered by a con- 
siderable amount of debris. Such plant matter evidently does not go 
through the same phases of decay as those that decay on the surface 
with complete access of air. Such plant parts, in the first place, will not 
be macerated, but will be transformed whole. Whether the changes 
brought about in them through decay in a buried condition differs from 
that of decay in the air remains to be seen. Decay under such conditions 
is probably extremely slow. Fungi are excluded at all times and reason- 
ing from the chemistry of wood decay, cellulose fermenting bacteria only 
can be active, living under strong reducing conditions, fresh peat being 
a strong reducing agent. We may have here a solution of the origin of 
mineral charcoal. 

Variations in the Degree of Decay and Maceration through Varying 

Conditions 

If the conditions of water level and moisture in a certain bog were 
constant throughout its life, the deposit would be uniform in texture, 
structure, and composition. In a large number of deposits, the natural 
sequence in the life of a deposit is from an aquatic bog to the woody 
swamp. To reach the last stage, it has to go through the marsh stage, 
the sedge stage, the shrub stage, the mixed shrub and tree stage, and 
finally reaches the permanent tree stage. In sounding such a deposit, 
each stage is recognizable by the specific kind of peat that was deposited. 
A number of such deposits are found in the peat regions of Michigan and 
Wisconsin. Provided that no other cause appears, these bogs pass from 
an aquatic condition, through the various stages of diminishing moisture 
until the mesophytic stage is reached, where it will remain. The climax 
is reached simply by filling up the depression with the debris of its own 
vegetation. Other causes may modify the conditions. Natural erosion 
may remove a barrier and thus aid in the drainage, or the eaiiih^s surface, 
including the swamp, may rise gradually changing drainage conditions, 
or even removing the deposit already established. Artificial drainage is 
the most common cause today in reversing swamp conditions. In parts 
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of Wisconsin and Michigan, where the earlier settlers found impenetrable 
peat bogs, today are found wheat fields, celery fields, and orchards. 
Ten years ago, Sheboygan Marsh in Wisconsin was an impenetrable 
peat bog, with a peat deposit about 10 ft. deep; in another ten 
years, between 6000 and 7000 acres will be transformed into truck fields 
and orchards. 

The opposite transition may also take place. A swamp may begin 
with the mesophytic wooded stage, and gradually be transformed into the 
aquatic stage, passing through the same phases as the aquatic to wooden 
swamp series, in the reverse order, increasing in moisture until finally 
a typical aquatic stage is reached and finally may be covered up by inflow- 
ing mud and sand. This state of affairs may be brought about by a sub- 
siding area of the earth’s crust. A good example of this condition is 
found in the Dismal Swamp of Virginia and North Carolina, with Lake 
Drumond in its midst, in which the stumps and a few remaining trees 
bear mute witness of a once woody swamp. In this case, also, each suc- 
cessive stage deposited its characteristic kind of peat, similar to that of 
the aquatic to mesophytic series; the transitions of course may be gradual 
and almost imperceptible. In the coal measures, similar transitions are 
recorded in the earth’s strata, as will be noted further on. 

Composition of the Peat Bog 

From what has been said, it should not be difficult to get a fair idea 
of the composition of peat in all its varieties. In a discussion of peat, it 
is essential to take into consideration the different kinds of peat formed 
under different conditions, as each type of bog gives rise to its character- 
istic kind of peat. For example, the open-water bog gives rise to a much 
macerated, mucky peat, the sapropel of Potonie; the marsh furnishes a 
peat often alluded to as ‘^lebertorf;” and the tree-covered swamp (Fig. 1) 
gives rise to the woody peat. These three kinds are set off arbitrarily as 
types; several other types and every possible intergradation may exist. 

The Open-water Deposit 

The deposit formed in the open-water bog consists of a slimy ooze, 
composed largely of the most resistant plant products of plants that lived 
in and around the bog. Among these are the cutinized coverings of stems 
and leaves, the waxy and oily content of stems and leaves; seeds and seed 
coats, pollens and spores. Pollens may be blown in from flora surround- 
ing the bog. Humic or woody plant degradation matters are always present 
in relatively small, but in greatly varying, proportions. Algal matters 
do not contribute any appreciable part. Deposits of this kind approach 
in composition the cannel coals of the older periods. 
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Fkj. 1. — Close-up view of peat bog of Wisc’oxstn; foreground is under 
water; partly (’ovehed tree trunks are shown; hummocks indicate buried 
TI tEE trunks; pk\t is apphoximately S ft. deep. 



Fig. 2. — Close-up view of surface of same peat bog, showing nature of litter 
ON surface; foreground is partly under water. 
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Fig. 3. — ^Lump op air-dbied peat, from bog shown in Fig. 1, showing a large 

NUMBER OF SMALLER FRAGMENTS OF WOODY PEAT, SOME MICROSCOPIC IN SIZE, 
EMBEDDED IN THE ATTRITUS. NATURAL SIZE. 
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Fig. 4 . — ^Ltjmp of air-dried peat, from bog shown in Fig. 1 , consisting largely 

OF ATTRITUS, CONTAINING A LARGE NUMBER OF SMALL FRAGMENTS OF WOODY PEAT. 

Natural size. 
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The Marsh Peat 

The product of the marsh is composed essentially of the same con- 
stituents, except that it contains a much larger relative amount of humic 
matter, and occasionally small fragments of woody matter, fragments of 
the haulms of sedges, grasses, and seeds. Mosses and lichens may have 
been prominent contributors. 

The peat of this type of bog may be subdivided into various 
k'nds, according to the predominant class of plants contributing. The 
mosses, particularly sphagum, may have been the chief contributors; 
or grasses, or sedges, or both grasses and sedges may have been the 
maincontributors. 

Peat of the Wooded Stvainp 

Peat formed by the wooded-swamp type (Fig. 1) is in every res])e<^t 
analogous to an ordinary lignite, subbituminous or bituminous coal. This 
kind of peat is, therefore, of greatest interest. The more mature peat 
begins a foot or so beneath the surface layer, and usually extends to within 
a short distance from the bottom or may extend to the bottom. This 
mass consists of the same components as the surface layer, only in a much 
further advanced stage of decay. Logs or parts of tree trunks, fragments 
of these and larger parts of branches and roots constitute the more bulky 
components. Between these are lodged smaller fragments of these same 
constituents (Fig. 3); all is embedded in what appears like a dark-brown 
to black mud. This is the attritus; see Figs. 3 and 4. 

Matter derived from the woody parts of plants forms by far the 
largest portion of the ordinary woody peat. It consists of what is ordi- 
narily termed rotten wood. We are today much better informed as to 
the nature of rotten wood than we were a few years ago. 

Chemical Nature of Peat Wood 

Laboratory experiments have shown that when wood is inoculated 
with wood-destroying fungi, only a small percentage of the cellulose of 
the wood remains after three years, but the lignin of the wood remains 
nearly constant. If wood is exposed under favorable natural conditions, 
it becomes the host of a number of different fungi as well as bacteria, and 
decay proceeds more rapidly. The time of exposure of the plant matter 
of the sw'amp of both fungi and bacteria in the air is on the whole 
much longer than three years. It may be assumed, therefore, that the 
decay of the wood above the surface is quite complete. After the decay- 
ing wood is submerged, if any cellulose has escaped destruction, bacteria 
still continue their activities. It must be remembered that a consider- 
able number of trees recline more and more until they finally lie flat on 
the ground, still alive, and are gradually covered up alive. These will 
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never l)e attacked by fungi, and bacteria alone can act on them. Simi- 
larly, the greater proportion of the roots of the swamp flora, although 
always relatively close to the surface, are buried under a consider- 
able quantity of debris or are even submerged beneath the water and are 
not subjected to aerial decay but to bacterial decay only. How readily 
these constituents are attacked and how far the cellulose is destroyed in 
them remains to be seen. In sounding a bog from top to bottom, it is 
found that the upper strata still contain some cellulose, but this decreases 
in amount downward, and in the deeper strata is but sparingly found 
if at all. 

It has always been a question as to what had become of the cellulose. 
Although cellulose as such could not be found, or but sparingly, in 
peat wood, could it not have been changed into some residual substance, 
and if so what was its nature? It is now known that the first decomposi- 
tion of cellulose is by hydrolysis, and that its first decomposition 
product is cellobiose, which splits into glucose. Being a good food sub- 
stance glucose is easily fermented to simpler products. It is also known 
that the lignin of wood is not decomposed easily either by means of 
organic enzymes or by chemical reagents, except that it may lose its 
methoxyl groups. Although it is not known what becomes of the lignin 
in the end under moist aerial conditions, it is known that enough of it, in 
fact by far the most of it, escapes decomposition and is finally sub- 
merged, where it apparently does not decompose much further. If any 
further decomposition takes place, we are not as well informed as in the 
case of cellulose (Figs. 7 and 8). 

The hemi-celluloses, pentosans and xylans, starches and gums have 
also disappeared. The middle lamellse in many cases are still recog- 
nizable, in some cases none is visible. 

Laboratory experiments also show that the waxes, oils, and resins 
are not destroyed by micro-organisms; tests on peat bear out this state- 
ment. What part of these remain in the wood in natural conditions is 
not well known. All that is known is that such woods yield certain 
amounts of soluble substances. 

When examined microscopically, thin sections of thoroughly rotted 
peat wood reveal much foreign matter in the fibers (Fig. 9). Some of 
these may be identified as gums, waxes, resins, and oils. No exact account 
has been taken, and all that can be said is that a considerable quantity of 
foreign matter is commonly found in the cells and fibers of various wood 
tissues after decay. 

Physical Nature of Peat Wood 

Mature peat wood is partly soluble in hot water and almost com- 
pletely soluble in a weak solution of potassium or sodium hydroxide. 
This yields a dark brown, in dilute solutions, to black, in more concen- 
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Fig. 6. — Part of thin cross-section op conifer shown in Fig. 5; cell walls are 
COMPACT AND WELL LAYERED; MIDDLE LEMELLUM IS CLEARLY SHOWN. X 1000. 
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Fig. 7. — Thin cross-section op fragment of peat wood, such as is shown 
IN Fig. 3; compare with Fig. 5; cell walls are ragged and tattered and have 
LOST THEIR EVEN FORM; HYPH.ffl OF FUNGI ARE SHOWN. X 200. 
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Fig. 8. — Part of thin section of woody peat shown in Fig. 7; shows cell 

WALLS OF ROTTEN WOOD IN DETAIL AND HYPHAB OP FUNGI,* NOTE SHREDDED APPEAR- 
ANCE; ONLY MINUTE QUANTITIES OF CELLULOSE HAVE REMAINED. X 1000. 
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Fig. 9. — Thin cross-section of fragment of peat wood, such as is shown 
IN Figs. 3 and 4. This piece of rotten wood contains considerable non- 
RESINOUS cell INCLUSIONS; CELL WALLS ARE IN AN ADVANCED STATE OF DECAY AND 

cellulose has almost completely disappeared, X 200, 
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Fig. 10. — Thin section of carbonized attritious peat; horizontal stride 

REPRESENT CUTICLES; ATTRITUS IS COMPOSED LARGELY OP CUTICULAR DEGRADATION 
MATTER, DEGRADATION MATTER OF LEAP TISSUES, SOME WOODY MATTER, SPORE AND POL- 
LEN MATTER, AND SOME RESINOUS MATTER. X 200. 
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trated solutions, which precipitates on addition of acids. This substance 
is commonly called humin, humic acid, ulmin and ulmic acid. 

Peat wood no matter how large the fragment may be, has retained 
its normal cell structure at the time when taken from the bog; the cells 
are in the natural position and, to a large extent, hold their natural 
shape. When seen under the microscope, in thin section, the thickness 
of the cell walls does not seem to have diminished appreciably as com- 
pared with sound wood of the same species. The matter composing the 
cell walls, however, differs much in appearance from that of sound wood. 
It is loose and granular in structure, although it has retained some of 
its layering. The middle lamellum is usually present, but may have 
separated from the main wall (Figs. 7, 8, and 9). 

Mature peat wood, when fresh from the bog, is soft and friable, may 
easily be cut with the spade, is pliable, and fairly plastic, almost like clay. 

Under the ultra-microscope, the cell walls are shown to be typical 
gels. When dried, peat wood hardens into the consistence of hard rubber 
or bone, and its volume shrinks considerably. When now examined 
under the microscope, the cell walls have largely collapsed and appear 
much thinner than when examined wet and fresh from the bog. The 
mass of mature peat wood has all the characteristics of a hydrogel. 
This is an important characteristic in consideration of the future coalifica- 
tion. All hydrogels, when dried, change into a hard, brittle, almost 
glassy, substance; its quality is dependent on its purity. 

Attritus 

The attritus is the finely divided solid residue of decay and consists 
largely of parts of plants that resisted complete decay or \^ere not attacked 
at all. It contains, therefore, a large proportion of the more resistant 
plant products rather than of the less resistant. It is composed of the 
de^adation matter of anything and everything that grew in the bog, 
and consists therefore of a large variety of substances (Fig. 4). To the 
naked eye, the attritus appears as a black mud, or as a black jelly-like 
substance; and when rubbed between the fingers has a jelly-like, slimy 
feel. When observed under the microscope, however, it is shown to con- 
sist of definite and specifically recognizable particles; consisting of bits of 
plant parts, isolated cells or part of cells, bits of tissues of wood, leaves, 
bark, roots, bits of tissue of mosses and lichens, fragmentary cuticles, 
pollens, spores and resinous particles, and some dirt (Fig. 10). These 
different components vary considerably in proportion from one swamp 
to the other and from one horizon of the same swamp to another. 

The humic matter of the attritus may be derived from the wood, bark, 
pith, leaves, mosses, lichens, gums, starch pectins, and other carbohy- 
drates. It is thus seen to be of a varied origin. It is largely present as 
definite particles and but a very small part of it is colloidally dispersed. 
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Much of it can, however, be dispersed colloidally by means of cer- 
tain reagents. 

Cuticles of leaves and stems are always present and arc easily recog- 
nizable (Fig. 10). They are in the form of smaller or larger fragments 
and often are finely macerated. This constituent cannot be dispersed 
colloidally nor is it soluble in ordinary solvents. Spores and pollens also 
are always present and easily recognizable. This constituent also can- 
not be dispersed colloidally nor is it soluble. 

Resinous matter also is always present in various forms and is easily 
recognizable. Resinous particles are liberated from rotted and disinte- 
grated wood, bark, and leaves. Like the cuticles, pollens, and spores, 
resinous matters are not subject to decay, and hence remain constant as 
based on the original material, and have been concentrated when based 
on the amount of its residual matter. Resins are soluble by means of 
various organic solvents, but cannot be easily dispersed colloidally. 

Waxes and fats or oils are present but cannot be distinguished readily 
microscopically, yet they can be extracted by means of various solvents. 
Besides these constituents, theoretically considered, a considerable 
number of other plant products must be present, either as original com- 
pounds or degradation products, such as of tannins, alkaloids, glucosides, 
and the purine bases. But they cannot be observed by ordinary micro- 
scopic means, and little is known about them in peat. But that plants 
have contributed these to the coal is clearly shown by the presence of 
certain decomposition products of coals. 

THE MICROSCOPIC CONSTITUTION OF COALS OF 
DIFFERENT RANKS AND AGES 

COALIFICATION PROCESSES 

The transformation of the plant substances into peat w^as largely 
brought about by fungal and bacterial agencies. The sum of the proc- 
esses have been called biochemical. As the peat bog was gradually 
covered up by clays, sand, and silt, the biochemical processes gradually 
ceased, but the relative increment of the carbon content and the relative 
decrease in oxygen content begun by the biological agencies continued. 

How much longer the biological activities continued after being cov- 
ered is not known and is an important problem for consideration both as 
to how long bacteria survive and how long the enzymes secreted by them 
remain active after their death. Bacteria have been found at all depths 
(up to 30 ft.) of recent peat bogs. To deposit this amount of peat must 
have consumed hundreds of years. If bacteria can survive imder such 
conditions at such length of time, the question normally arises when do 
they cease to exist and what destroys them? It is also well known that 
enzymes will remain active under favorable conditions for a considerable 
period after the death of the organisms giving rise to them. It would. 
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therefore, also be of considerable interest to know how long the enzymes 
remain active in the bog after the death of the bacteria themselves. 

The further changes brought about in the peat substance after being 
covered and which continue through the whole series of the coals from 
peat to anthracite have for short been called ^^coalification.’^ In recent 
years, the processes involved have been termed ‘‘dynamochemical,” in 
contradistinction to the biochemical. To show graphically something of 
the nature of the changes, the ultimate analyses of types of coals in each 
stage of the series from peat to anthracite are given in Table 10. To this 
is added that of wood and lignin for comparison. 


Table 10 . — Analyses of Coals by Stages of the Coalification Process 


Substance 

i 

' Per 
Cent. 

1 Ha, 

1 Per 
Cent. 

j Oa, 

1 Per 
Cent. 

Na, 

Per 

Cent. 

Wood 

50 

6.0 

43 


Lignin (Schwalbe) 

55.6 

5.8 

38.4 


lignin (Konig) ; 

; 64.85 

4.86 


i 

Lignin (Klason) 

I 66.67 

5.49 


i 

Lignin (Fischer & Schrader) i 

j 64.70 

5.68 


i 

Peat, wooded, Wisconsin ! 

58.88 

5.00 

33.10 

; 2 58 

Brown coal, Saxony ! 

I 64 4 

6.6 

29.0 

i 

Coal, carboniferous lignites, Moscow, Russia 

70.0 

6.3 

20.9 

I 2.10 

Lignite, Burlington, North Dakota i 

70.97 

4.35 

23.10 

1.16 

lignite, Williston, North Dakota 

72.68 ! 

5.11 

19.74 

i 1.31 

Subbituminous, Montana 

76.94 

5.55 

13.25 

1.89 

Coal, bituminous, Illinois, Franklin County 

81.37 

5.37 

10.10 

1 1.91 

Coal, bitiuninous, Upper Freeport, Pa 

83.13 ; 

5.35 

7.80 ! 

i 2.19 

Coal, bituminous, Pittsburgh Bed, Bruceton, Pa. . . 

84.57 i 

5.39 

6.94 

1.72 

Coal, bituminous, Alabama 

86.54 ! 

5.42 

5.13 1 

1.54 

Coal, bituminous, Somerset County, Pa 

88.59 j 

4.53 

2.57 

1.35 

Coal, bituminous, .Tioga County, Pa 

88.98 ! 

4.86 

3.08 : 

1.62 

Anthracite, Schuylkill County, Pa 

92.91 ! 

3.09 

2.41 

0.91 


Ultimate analyses of the successive stages, in peat, brown coal, 
lignite, subbituminous coal, bituminous coal, semibituminous coal, and 
anthracite, therefore, show that extensive changes have taken place, 
the total result of which was a progressive elimination of volatile matters 
consisting of carbon dioxide, methane, water, and some carbon monoxide, 
in such relative proportions that there was a continuous larger loss of 
oxygen than carbon, with a loss of hydrogen that held the relative hydro- 
gen content about constant throughout, except in the higher ranks, where 
considerable loss is notable. 

Causes of Coalification 

Practically little is known concerning the causes of coalification. 
Pressure is usually cited as the principal factor; time also is cited. But it 
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should be remembered that time is not a cause, only a factor of duration 
during which an agent has an opportunity to act. It is believed that 
slow spontaneous chemical changes are going on in most complex organic 
substances. During a short period such reactions would be but very 
slight, but over a period of thousands, or even millions of years, the total 
result must be considerable. It is possible that the decomposition 
reactions started in the vegetable debris in peat continues for a consider- 
able time after the bog was covered, possibly together with other catalytic 
agencies. Under the same conditions, everything else remaining similar, 
the same results should be obtained in different deposits during the same 
length of time. Unfortunately there are no cases in which the conditions 
were the same. But let us consider briefly the time factor. 

There are coals near Moscow, Russia, of Lower Carboniferous 
age, which must be ranked as lignites, of about the same rank as the 
lignites of North Dakota of Upper Cretaceous age. The German brown 
coals, of Oligocene age, still younger than the lignites of North Dakota, 
are only of a slightly lower rank than the Russian coal mentioned. If 
then the action set up by the enzymes of the biochemical stage, or spon- 
taneous decomposition of the complex organic molecules, continued at 
all after the bog was covered, it did not continue very long, or the actions 
are so slow as to make very small differences during the millions of years 
that elapsed since the Carboniferous ages. Different causes must there- 
fore be sought. 

Pressure is generally cited by geologists as the cause. Looking over 
the field, many phenomena may be cited that appear to prove the 
assumption. Of the cases cited above, the Russian coals are covered 
with but a light overburden of rocks, unfolded and undisturbed; the 
German brown coals are covered with a light overburden consisting of 
clay; while the lignites of North Dakota are covered with a rather heavy 
overburden, but the rocks have not been disturbed or folded. Certain 
coals in the Alps of the same age as the Russian coals, but in rocks much 
folded and subjected to much earth movements, have been transformed 
to graphite and shungite. Coals of the Rocky Mountains of about the 
same age as the German brown coals, and again in rocks much folded, 
are of high bituminous rank. Following the lignites of North Dakota 
westward into regions more and more subjected to earth movements 
and earth thrusts with rocks folded more and more, are coals of the same 
age and of the same bed, transformed into coals of higher rank, being of 
high butiminous or even of anthracite rank in the Rocky Mountains. 
Many cases of like nature can be cited. In every case, such change 
occurs along areas of increasing marks of disturbance or folding, in rock 
that forms a heavy overburden. Also invariably coals of high rank, like 
the anthracite of eastern Pennsylvania, are associated with rocks that 
have been subjected to folding and earth thrust. 
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Rocks that have been folded are said to have been subjected to high 
pressure. There is therefore a good reason to assume that pressure is 
the factor that caused the devolatilization of coals or the changes of 
coals from a lower to a higher rank. But when pressure is considered 
from the standpoint of the physical chemist, the case becomes more 
complex. That pressure modifies or influences a chemical reaction is 
known. Pressure also brings about a chemical reaction in some cases 
when the volume of the products of the reaction are smaller than the 
original. It may also hasten the reaction under certain conditions, as in 
explosives and gases under pressure; but here other factors than pressure 
come in. But coals do not fall under any of these cases. The volume 
of the products of the reaction in coal is many times larger than the coal 
itself. Pressure could not have hastened any reaction started by 
reagents earlier. 

Pressure is invariably accompanied by a rise in temperature, there- 
fore, temperature should be considered briefly. When it is desired to 
hasten a reaction or start a reaction it is common practice to raise the 
temperature. It is known that rocks under higher pressure and in the 
act of folding, or where earth movements are taking place, are at a slightly 
higher temperature than the same rocks farther remote.'® It is also 
known that, with increase in depth, the temperature rises even in 
undisturbed rocks. The temperature need not necessarily be high. A 
temperature only a few degrees higher of one deposit above that of 
another would show marked differences over a long period. 

Loss of Moisture . — Along with the chemical change, there is a simul- 
taneous decrease of moisture from approximately between 50 and 40 
per cent., in the brown coals and lignite, to only a few per cent., in 
anthracite. In peat, the water is largely held colloidally, the humin 
matter being in typical state of hydrogel. With time the water is with- 
drawn, the mass becomes harder and more brittle as hydrogels do on 
dessication, the tendency being to develop into a solid similar to hard 
rubber. The total mass, of course, consists of a mixture of constituents; 
it is, therefore, not a pure hydrogel and will not transform into the 
hard solid form as it would if it were pure. The hardness or physical 
condition of a coal may therefore be accounted for by the colloidal 
nature of the ingredient matter. It required no high pressure nor high 
temperature to give it the characteristic physical condition in which coal 
is found. That it requires no high pressure nor high temperature to 
transform mature peat into a hard coal-like substance can be demon- 
strated easily in the laboratory. When thoroughly matured peat is 
slowly dried while kept under a slight pressure, so as to bring the com- 
ponents in close contact and keep out the air as the water is evaporated, 

M. X. Stainier: Isogeotherms and Tectonic Geology. Annates des Mines de 
Belgique. Abst. Coll. Guardian. (1924) 127, 415. 
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it will bo convortod into a hard coal-like substance. Any woody peat 
wIkui treated with a weak alkaline solution and then left to dry slowly, 
will also be converted into a hard coal like substance. 

Further, by proper means peat may be changed largely into a colloidal 
solution, which, on evaporation, gradually turns into a gel and, on further 
drying, into a mass that physically closely resembles bituminous coal. 
In like manner, brown coal, lignite, subbituminous coal, by proper means, 
may be brought into a colloidal solution from which it may be reverted 
by evaporation into mass that in many ways cannot be distinguished from 
the original coal, the one obvious difference from the original being that 
it has lost its banding or layering characteristic in coal. 

If all the peat mass were in a typical stage of hydrogel, no pressure 
would be required in order that peat be transformed into a hard coal- 
like substance after gradual elimination of water. But as already stated, 
peat consists of a mixture of substances, many of which are not complete 
hydrogels; spaces exist between the different components requiring 
external pressure to bring the different parts together, and if none is 
applied on dessication the mass dries into a more or less spongy mass. 
If, however, but slight pressure is applied, just enough to keep the spaces 
from filling with air as the water is removed, a hard bony mass results. 
A heavy overburden should, therefore, have the tendency to produce 
a solid compact coal. 

Effect of Overlying Rocks , — These laboratory experiments are corrob- 
orated in nature. The German brown coals have relatively but a light 
overburden. They are of a loose spongy nature, still much like peat. 
American lignites of the same age, on the other hand, were provided with 
a heavy overburden and have been subjected to considerable pressure. 
This resulted in a compact dense black coal termed lignite, in contradis- 
tinction to the German brown coal. Microscopically the German brown 
coals and American lignites do not differ essentially; the kind of compo- 
nents are quite similar in each, their origin was therefore quite similar. 
Their ultimate analyses generally does not differ much, yet in some ways, 
such as outward appearance and physical structure, they differ consider- 
ably. With the chemical changes and the changes in moisture content, 
there has also taken place a gradual change in physical condition of 
the coal. 

All constituents of peat are colloids in one form or another; the humic 
components in particular are in a state of hydrogel. That means that 
relatively a large amount of water is present as an inherent part of the 
mass. Water is so closely associated with the peat substances that it 
cannot be said where the one begins and the other ends as a part of it. 
The solid colloidal particles composing the gel are relatively far apart; 
this is characteristically seen under the microscope. As the elimination 
of water proceeds, these particles are brought closer and closer together 
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through internal pressure. In lignites, still containing as much as 50 or 
40 per cent, water, each ultra particle of coal matter must be surrounded 
by a film of water which is, however, so thin that it is not visible under the 
microscope, and is therefore not apparent. Yet the ultimate coal parti- 
cles are still relatively far apart. The mass is still loose in texture but 
not porous in the usual sense, but is soft. In the subbituminous coals, 
where water has been eliminated still further, the ultimate particles have 
been brought still closer together, and the mass is correspondingly more 
compact. In the bituminous coals, moisture has now been reduced to 
within between say 3 and 8 per cent. The water in the coal under such 
conditions, or in other words the moisture surrounding each ultra particle, 
can no longer be present in minute droplets or films but can only be pres- 
ent in a molecular state in order to be uniformly distributed. Yet the 
ultimate particles, although now much closer together than in peat or 
brown coal, are still relatively far apart, but the spaces between these can 
no longer be filled with water but must be filled by gases. 

Change in Physical Appearance after Loss of Moisture , — Parallel with the 
loss of moisture, is to be noted a change in the physical appearance of coals. 
Lignites have a characteristic granular appearance under the microscope. 
The granular condition changes more and more into a glassy or vitreous 
condition as coals of higher rank are reached and reaches a maximum in 
the coking coals. Coking coals, as a rule, have a characteristic vitre- 
ous appearance. 

At the end of the coalification process, the various constituents that 
entered into the peat deposit, though still recognizable, are now in a 
chemically and physically changed condition, as may be accounted for 
by biological and coalification processes. 

Composition of Coal 

All the components recognizable in peat may be traced with certainty 
from the peats through the whole series of coals such as brown coal, 
lignites, subbituminous coals, bituminous coals, and anthracite. These 
components in peat, to repeat, may be summed up as follows: 

1. The larger components derived from the woody parts of plants, 
such as stems, branches, roots, more or less whole or in larger fragments 
(Fig. 3). 

2. The smaller components derived from the same plant parts but 
more highly fragmented (Figs. 3 and 4). 

3. The attritus is composed of (a) finely macerated matter derived 
from the woody parts of plants; (6) finely macerated matter derived from 
other carbohydrate plant substances like pith, cortex, bark, leaf-tissues, 
gums, etc.; (c) cuticular matter; (d) spore and pollen matter; (e) resinous 
matter; (/) waxy and fatty matter; {g) other degradation matter; and (Ji) 
mineral matter (Fig. 4). 
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The larger pieces corresponding to peat wood are abundantly found 
in the brown coals and lignites and are easily recognizable as such, either 
microscopically through thin sections or macroscopically (Figs. 11 and 12). 

In the lignites, they are recognized as black, glistening, more or less 
lenticular masses. They are generally spoken of as ‘^bright coal.” 
Generally their outward appearance betokens that of woody fragments. 
When examined microscopically in thin sections, no doubt remains that 
they actually represent pieces of wood. Being derived from wood, they 
are called anthraxylon (Fig. 12). 

Samples of typical earthy brown coals from the Riebeck mine in 
Germany were recently examined by the author. These samples showed 
that they differed in no respect in composition and origin from American 
lignites (Fig. 11). In the subbituminous coals, anthraxylon is likewise 
prominent and easily recognizable as woody components (Fig. 13). They 
are here, however, thinner and more compact; in other words, they have 
been more compressed or flattened. The subbituminous coals offer a 
fortunate transition stage from lignite to bituminous coal. This pro- 
vides a means to recognize components definitely in the bituminous coals, 
although without this transition the anthraxylon is easily and clearly 
recognized in the bituminous coals (Fig. 14). From the general appear- 
ance and banded nature of anthracite, it has long been assumed that 
anthraxylon is also present in these. Recent methods of polishing and 
edging have definitely proved this assumption to be correct. 

The smaller or more fragmentary woody component of peat can also 
be traced easily and definitely from one end of the series to the other. 
These are called smaller anthraxylon components. Their origin and 
structure differ in no way from the larger (Figs. 15, 16, and 17). 

The smaller anthraxylon strips and the attritus together ordinarily 
comprise the dull coal (Figs. 18, 19, and 20). But when a number of the 
smaller anthraxylon strips are packed closely together with none or but 
little attritus between them, they also constitute bright coal (Figs. 21, 
22, and 23). 

The thickness of the anthraxylon units varies greatly in any coal. 
In general, their thicknesses decrease with the rank of the coal, being 
most massive in the lignite, where they have suffered the least com- 
pression, and where they may be six inches or more in thickness, and 
thinnest in the anthracite, where they have suffered the most thorough 
loss of volatile matter and compression. But in any coal all conceivable 
sizes and thickness are met with, from those many feet long, several 
feet wide, and several inches in thickness to a microscopic size. Some 
coal beds are composed of a large proportion of anthraxylon, these are 
anthraxylous coals; in others the proportion is much smaller and the 
attritus forms the larger part of the coal; these are attrious coals. In 
some, these components are largely quite thick; in others, like the Pitts- 
burgh bed, they are mostly relatively thin. 
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Fig. 11 . — Thin cross-section of anthraxylon of earthy brown coal from 

[llEBECK MINE, GERMANY,* STRUCTURE IS THAT OF A CONIFER,* CELL WALLS OF FIBERS 
IRE FAIRLY WELL PRESERVED THOUGH CONSIDERABLY COMPRESSED; ANNUAL RINGS 
3F TREE ARE WELL SHOWN. X 200 . 
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Fig. 12. — Thin cross-section of anthraxylon of lignite from Wilton, N. 
Dak.; autumn wood is well preserved while spring wood is in more advanced 
STAGE OF decay; BLACK PATCHES AND HEAVY BLACK LINES REPRESENT RESIN. X 200. 
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Fig. 13. — ^Thin ceoss-bbction op anthbaxylon op subbituminous coal prom 
Montana; autumn wood is paiblt well preserved, spring wood is in more 

ADVANCED STATE OP DECAY; THE HASS IS MORE COMPRESSED AND MORE COMPACT THAN 
THAT OP LIGNITE SHOWN IN FiG. 12. X 200. 
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Fig. 14. — Thin cross-section of anthraxylon of bituminous coal from 
THICK Freeport bed; woody structure includes considerable resin, shown 
WHITE. X 200. 
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Fig. 15. — Thin cross-section of dull coal of brown coal from Riebeck 
MINE, Germany; thin strips of anthraxylon embedded in attritus; attritus 
is composed of woody degradation matter, cuticular matter, spore and pollen 
matter, resinous matter, and charred woody matter, shown black. X 200. 
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Fig. 16. — Thin cross-section of dull coal op lignite from Sheridan, Wyo.; 

THIN strips op ANTHRAXYLON ARE SHOWN EMBEDDED IN ATTRITUS; ATTRITUS IS COM- 
POSED OF WOODY DEGRADATION MATTER, MUCH CARBONIZED MATTER, SOME SPORES 
AND POLLENS, AND A SMALL AMOUNT OF RESINOUS MATTER. X 200. 


VOL. LXXI. 7 . 
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Fig. 17. — Thin section of dull coal from a bituminous coal from thick 
Freeport bed; thin strips of anthraxylon, one of which contains well-pre- 
served STRUCTURE, ARE EMBEDDED IN ATTRITUS; ATTRITUS IS COMPOSED OP WOODY 
DEGRADATION MATTER, SPORES, CARBONIZED AND SOME CUTICULAR MATTER. X 200. 
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Fig. 18. — Thin cross-section of dull coal of a bituminous coal from thick 
Freeport bed; larger part consists of attritus with but a few thin strips of 
anthraxylon; attritus is rich in spores. X 200. 
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Fig. 19. — Thin cross-section of dull coal of bituminous coal, Upper Free- 
port BED, CaNNELTON, Pa., SHOWING STRIPS OF ANTHRAXYLON; ATTRITUS IS COM- 
POSED LARGELY OF WOODY DEGRADATION MATTER, RELATIVELY FEW SPORES, AND 
SOME RESINOUS MATTER. X 200. 
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Fig. 20. — Thin cross-section of bituminous coal, Upper Freeport, with 
number of thicker strips of anthraxylon interlayered with an attritus 
RICH in spores; there is about an equal proportion of anthraxylon and attri- 
tus IN this layer, but it still may appear as dull coal. X 200. 
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Fig. 21. — Thin cross-section op bituminous coal, Pittsburgh coal; layer 

CONTAINS larger PROPORTION OF THIN ANTHRAXYLON STRIPS THAN ATTRITUS AND 
appears as BRIGHT COAL. X 200. 
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Fig. 22. — Thin cross-section of bituminous coal from Pratt bed, Gorgas, 
Ala.; layer is composed largely of thin strips of anthraxylon and woody 
DEGRADATION MATTER AND APPEARS AS A TYPICAL BRIGHT COAL. X 200. 
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Fig. 23. — Thin cross-section of bituminous coal, Redstone bed, Madison, 
Pa.; larger part of layer is composed of strips of anthraxylon and woody 
degradation matter and has appearance of bright coal. X 200. 
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Fig. 24. — Thin choss-section of anthbaxylon of a bituminous coal, Upper 
Fbeeport, withhesins included in cells. X 200. 
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Fig. 25. — Thin ckoss-section op anthkaxylon of a lignite from Sheridan, Wyo., 

INCLUDING RESIN. X 200. 
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Fig. 26. — Thin cuosjs-section of attritus of brown coal from Riebeck mine, 
Germany; attritus contains all constituents found in peat, lignite, sub- 
bituminous, AND bituminous COAL, BUT IS NOT AS COMPACT AS THAT OF OTHER COALS. 

X 200. 


108 


MICROSCOPICAL CONSTITUTION OF COAL 



Fig. 27. — Thin cross-section fo attritus from a North Dakota lignite; 

COMPOSED LARGELY OF WOODY DEGRADATION MATTER, SOME POLLEN MATTER, RESIN- 
OUS PARTICLES, CUTICLES, CARBONIZED MATTER, AND PYRITE. X 200. 
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Fig. 28. — Thin cross-section of attritus op subbituminous coal from Kem- 

MERER, WyO. X 200. 


no 
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Fi(i. 30. — Thin ckoss-section of attritus of a bituminous coal, Low'er 
Kittanning bed, rich in spore matter; spores are characteristic spores of 
Lower Kittanning bed. 
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Remains of the original woody structures arc preserved in all anthra- 
xylon; in some they are exceptionally well preserved, in others but faint 
traces are left. The state of preservation again varies, in general, 
directly with the rank of the coal. The most and the best-preserved 
structure has been retained in the lignites, and from here drop off until 
the anthracites are reached. The state of preservation is, however, 
not always determined by the metamorphism of the coal. In many 
cases, it was probably determined during the first part of the peat stage. 

Original and natural cell contents, such as resin, are commonly 
included (Figs. 14, 24, and 25). Resinous matters are not decomposable 
and have retained much of their original bulk, and while the woody 
fragments enclosing them have largely decomposed, the resinous contents 
have been concentrated in them, and often form the larger part of the 
anthraxylons. This is particularly well known in the lignites, in which 
resin-bearing conifers were the main contributors. 

The attritus constitutes the embedding medium and in a cross-section 
appears between the thinner anthraxylon as layers alternating with it. 
The attritus and the smaller anthraxylon strips together constitute the 
dull coal, but the attritus alone also has the appearance of a dull coal. 
Cannel coal, for example, is all attritus and has a dull appearance. 

Although a complex substance, the attritus as a whole, and the main 
constituents composing it, can be traced from one end of the series to the 
other, clearly and definitely. It consists largely of the rubbish or refuse 
that escaped complete decay. It would be expected, therefore, to find 
in it besides the woody degradation matters, many of the substances 
more or less resistant to decay. To these substances belong the cuticles 
or outer coverings of leaves, stems, and branches; and the waxy fatty and 
resinous coverings, pollen grains and spores; also resinous, waxy and fatty 
contents of cells and tissues. Besides these, there is a long list of sub- 
stances in plants that are more or less resistant to decay, such as tannins, 
alkaloids, terpenes, camphors, and others. Many of these are so finely 
dispersed throughout the plant, and now through the attritus, that they 
escape observation under the microscope. Many of these are probably 
absorbed by the coal matter itself (Figs. 10, 26 to 30).^^ 

Summary 

In a study of coal, all evidence points to the fact that coals have 
been formed in a similar manner as have the peat beds of today; with 

For supplementary illustrations on origin and composition, the reader is referred 
to the following articles by the author: Structure in Paleozoic Bituminous Coals. 
Bur. of Mines BvU. 117 (1920) — Compilation and Composition of Bituminous Coals. 
JfU, GeoL (1920) 28, 185-209 — Constitution of Coal Through a Microscope. Proc, 
Coal Min. Inst. Amer. (1919) 34r-35 — Recent Developments in Microscopic Study of 
Coal. Proc, Coal Min. Inst. Amer. (1920) 88-119. Reprinted in Coal Age (1920) 
16, 1183-1189, 1275-1279 and 19, 12-15 — The Origin and Constitution of Coal. 
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that as a basis, the study of peat is essential. In turn, for the study of 
peat, considerable knowledge of the chemistry of plants and of decay 
is essential. 

The components and products of plants have been outlined, a brief 
review of the mechanism of decay given, and the decay of wood reviewed. 

The purpose of this paper is to show that all the plant products went 
into the peat bog, but an elimination of certain components and a 
concentration of others took place through decay; that cellulose, although 
constituting the bulk of the plant body, did not contribute materially 
to the bog in verification of Fischer\s^^ theory, and that many of the 
byproducts of coal distillation are recognized in the plant products of 
the living plant. 

The plant parts and plant products remaining at the close of the 
biochemical processes are distinctly recognizable; but little is known of 
the chemical composition of most of these. The ultimate analysis shows 
that during the biochemical processes, a relatively larger loss of oxygen 
than carbon took place, resulting in a relative increase in carbon and a 
relative loss in oxygen while the hydrogen content remained constant. 
This relative progressive change of the carbon and oxygen content 
began during the biochemical stages, and continued during the succes- 
sive changes into brown coal, lignite, subbituminous coal, bituminous 
coal, and anthracite. These changes are called coalification. 

All of the components of peat, definitely recognizable, may be traced 
clearly and definiteh^ through the whole series of coals from brown coal 
to anthracite. 

The larger woody components of peat, when coalified, partake of a 
bright shiny appearance and have popularly been called bright coal. 
Such units being derived from wood are called anthraxylon. The smaller 
fragments of woody matter in peat, when coalified, also partake of a 
bright shiny appearance and are easily visible in the coals at close exam- 
ination or Tvith a hand lens. These have the same origin and the same 
structure as the larger components and are called the smaller anthraxylon. 
The attritus of peat, on coalification, partakes of a dull appearance and 
gives rise to dull coal. 

Coal comprised of a mixture of the smaller anthraxylon and attritus 
constitutes a dull coal, the dull coal of popular usage. A number of 
smaller anthraxylon constituents when including but a relatively small 

Proc. Wyoming Hist, and Geol. Soc. (1924); also to the Origin of CJoal, by White and 
Thiessen, with a chapter by Davis on formation of peat. Bur. of Mines BvU. 38 
(1914) — Microscopic Study of the Freeport Coal Bed, by Thiessen and Vorhees. 
Bvll. 2, Carnegie Inst. Tech. (1922) — (Correlation of (Coal Beds in the Monongahela 
Formation, by Thiessen and Staud. Bull, 9, Carnegie Inst. Tech. (1923) — Correla- 
tion of Coal Beds in the Allegheny Formation, by Thiessen and Wilson. Bvll, 10, 
Carnegie Inst. Tech. (1924). 

Franz Fischer und Hans Schrader: Enstehung und chemische Struktur der 
Kohle. 2d. ed. Verlag von M. Gerardif, Essen, 1922. 

▼OL. LXXX. — 8 
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amount of attritus also comprises a bright coal. The terms bright” 
coal and '‘dull” coal are merely relative terms. Anthraxylon and 
attritus, on the other hand, are definite terms. 

DISCUSSION 

Edward C. Jeffrey,* Cambridge, Mass. — Do I understand that the 
charcoal found in recent lacustrine deposits is due to bacterial action? 

Reinhardt Thiessen. — Yes; secondarily because bacteria need 
oxygen, this deprives peat of its oxygen which then becomes a 
reducing agent. 

Edward C. Jeffrey. — How is it then that in a recent deposit of that 
kind there were charred and uncharred branches of trees intermingled 
with one another, all subject to the same influence under water cover? 
I find it difficult to understand that situation otherwise than as the result 
of charred twigs and uncharred. 

Reinhardt Thiessen. — I still have my troubles with that theor}". 

Ralph H. Sweetser, f Columbus, Ohio. — This past year I examined 
"mother coal” in the No. 2 gas seam, in West Virginia, and in the No. 6 
and No. 7 coal seams in Kentucky. I do not think there is any resemb- 
lance between the two. It was stated this morning that possibly the 
partings in coal came from volcanoes; is it not possible that the carbon 
itself might have been deposited in the same way on top of the coal seam? 

Reinhardt Thiessen. — All the charcoal that I have examined shows 
plant structure, even small fragments found in the thin sections. They 
are not what may be called amorphous carbon, such as is produced by 
natural gas when burned in contact with a cold surface. 

David White, J Washington, D. C. — This hypothesis to account for 
fusain carries the idea of smothered decomposition. A difficulty lies in 
the occasionally great thinness and the great extent and the frequency 
of occurrence of the fusain partings. The same troubles attend Doctor 
Ashley^s explanation. 

Reinhardt Thiessen. — Although we hear so much about putre- 
faction and different kinds of decay, there is only one kind. Bacterio- 
logists recognize, of course, anaerobic and aerobic decay, the difference 
being that aerobic decay can take place in free oxygen while in anaerobic 
decay the oxygen is not freely accessible; but as far as chemical decom- 
position is concerned the result is the same. There is also to be dis- 

* Professor of Botany, Harvard University, 
t Assistant to First Vice-president, American Rolling Mill C"o. 
t Senior Geologist, U. S. Geological Survey. 
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tiiiguished between hydrolysis, splitting of tlie molecule into soluble 
compounds, and fennentation, in which the split products are further 
decomposed to furnish energy in the bacteria. Bacteria live on many 
insoluble substances. These they first split into soluble parts, which 
then diffuse into their bodies where they are digested. 

Edward C. Jeffrey. — The author has shown the tops of peat 
bogs. Obviously he had in his mind what others have called the landing 
stage of a low moor, that is a moor that was originally water and later 
was covered by forests. Investigations of the United States Geological 
Survey (or the Bureau of Mines, I do not recall which) show that 90 
per cent, of the vegetable accumulations in the United States that have 
been investigated are laid down in open water. In other words, they 
are not of the nature that the author has described. Thomia has come 
to the same conclusion in Germany. 

The author has shown side by side on the same slide, dark resin and 
light colored resin. Of course the geological age would have a good deal 
to do with the interpretation made of the slide, but the capacity for pro- 
ducing and continuing resin internally was developed only lately. The 
earlier plants were not able to produce resin in their cells. Any occur- 
rence of resin, other than in Paleozoic forms inside cells, would be highly 
under suspicion. > 

In one section shown there were two remarkable things. One was 
the materials of resin inside the cells, w’hich would be impossible; the 
other, that the resin, in the same proportion, was quite black in one case 
and light colored in the other. I have examined a great deal of amber 
from Mesozoic deposits and it is a very uniform substance and is always 
light colored. 

Reinhardt Thiessen. — The black appearance on the screen of these 
resinous parts is not necessarily as dark in the section as it would appear; 
to bring them out color screens were used. 

Edward C. Jeffrey. — A great many of the things interpreted as 
resin were simply the uncollapsed tracheids. I have often seen them. 
They are individual tracheids that do not collapse. 

Reinhardt Thiessen. — I do not believe that that is possible; I have 
gone into that matter thoroughly and I am convinced that those are 
actually resin inclusions. 

Edward C. Jeffrey. — ^All resin cells in Mesozoic wood are dark 
colored. 

David White. — The paper emphasizes two or three outstanding 
points. One is the lack of initial differences between a peat of a given 
type and that of a lignite, subbituminous or bituminous coal, or anthra- 
cite of the same type. 
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The author shows splendid technique in bringing out the cell structure 
in material in which it has not so successfully been shown before. He 
leaves no escape from the fact that most coals have a great amount of 
wood in them and are laid down where a great amount of woody vege- 
tation grew, more or less of which decayed according to the conditions 
prevailing from time to time. Consequently, the deposit varies as to 
the concentration of resins and other decay-resistant materials. 
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The Microstxucture of Coal 

By Clarence A. Seyler* Swansea, Wales 

(New York Meeting, February ,1925) 

The technical difficulties of cutting thin sections of coal for examina- 
tion by transmitted light have hitherto restricted the investigation of 
the important subject of the microstructure of coal to the few possessed 
of the requisite skill and time. Apart from this, the method fails with 
anthracites and other coals rich in carbon, owing to the opacity of the 
material. Occasional use of the method of polishing a surface, with or 
without etching, has been made, but it was not until Winter^ published 
an account of his results that attention was seriously directed to 
the method. 

In Maj^, 1923, a specimen of dull anthracite came into my hands; 
I tried Winter’s method on it and the presence of megaspores and other 
vegetable structures became clearly visible. A preliminary notice was 
published by me;^ but I soon abandoned the use of Schulze’s solution, 
having found that a mixture of chromic and sulfuric acids gave far 
better results. In the meantime Turner and Randall, in America, had 
independently developed the method of flame etching, as applied to 
anthracite, with great success. I have spent a year studying the method 
of chromic etching, which gives excellent results with bituminous coals 
and cannels, as well as with anthracite. For anthracites, I have used 
the chromic method and Turner’s method of flame etching, whichever 
was the more convenient or as a check one on the other. 

The polishing is done, according to metallurgical practice, by the use 
of a polishing machine and successively finer emery paper, followed by 
polishing on cloth moistened with a suspension of levigated green oxide 
of chromium, and a final rubbing on ‘‘selvyt” (a cotton velvet polishing 
cloth) moistened with alcohol. The polished sample is examined by 
reflected light with a % and in. objective. Bituminous coals usu- 
ally show considerable structure, and even anthracites show it faintly in 
places. The sample is then etched by immersion in a boiling solution 
made by adding 10 c.c. of concentrated sulfuric acid to 30 c.c. of a satu- 
rated solution of chromic acid; enough water is then added to dissolve 

* Public Analyst. 

1 Fvd in Sci. <& Prac, (1923) 2 , 21 and 78. 

»Fuel in Sd. & Prac. 1923) 2 , 217. 
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any precipitated chromic acid. The solution is boiled until chromic acid 
begins to separate and the polished sample is then immersed in the liquid, 
which is kept biHling for a few minutes. The sample is then removed, 
cooled, washed, dried, and very slightly rubbed on selvyt moistened 
with alcohol. Anthracites require from three to five minutes, bituminous 
coals usually less than one minute. The etching can be carried out in 
successive stages. 

The method appears to offer several advantages over that of sec- 
tioning. It is applicable to all kinds of coal and is quick and easy. So 
far as my experience goes, it shows the presence of structure as well as 
the thinnest sections. Indeed, since very thin sections are difficult to 
prepare, whereas in the polished specimen one has a section of infinitesi- 
mal thickness, it is possible to use very high magnifications and to bring 
out details of structure that otherwise would escape us. 

The interpretation of the results, especially owing to the difference 
between transmitted and reflected light, requires experience. As 
Stopes and Wheeler^ have said, we must educate a new race of paleobot- 
anists trained to perceive in minute fragments of cells “a recognizable 
plant structure.” To this task of self education, my endeavors have 
been chiefly devoted, before entering on the systematic study of the 
Welsh coal field. Miss M. Evans, working under the direction of 
Doctor Wheeler, is applying the method to the Yorkshire coal field with 
very promising results. 

The chief aim of the investigation is the attempt to infer from the 
•results observed: (1) The plant tissues from which the coal has originated 
or which have contributed to it. The chief tissues are distinguished by 
marked differences of chemical composition and resistance to decay. 
Thus in woody tissue one might expect the pectocelluloses (such as 
constitute the middle lamellae of cells) to decay rapidly, while the ligno- 
cellulose would persist longer. The cortex would probably behave some- 
what differently but the cutinized and suberized portions, such as spore 
exines, cuticle, and cork are richer in hydrogen and would probably 
resist decay longer and yield a different coal. We wish to know whether 
we can infer from the observed fragments, the tissues (xylem, cortex, 
cork, cuticle, or spore exines) that have contributed to the coal and trace 
their effect on the composition and characters of the coal; (2) the nature 
of the processes, biochemical or chemical, by which the plant cells have 
been reduced to their present condition. 

Why has the structure been preserved in certain cases and disappeared 
in others? Where contents are observed in the cells are these the original 
contents (resins, etc.) or were the walls thickened in life (sclerenchyma) 
or is the filling post mortem? How far are we dealing with the original 

•Monograph on the Constitution of Coal. London, 1918, H. M. Stationery 
Office. 
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cell substances and their contents or to what extent, if any, is coal a 
“replacement phenomenon'^ as suggested by Hickling, and the structure 
pseudomorphic? Why are some cells ^^fusainized" and others not? 
These questions must be regarded, so far as British coals are concerned, as 
largely unsettled. 

My efforts, up to the present, have been chiefly devoted to the 
interpretation of the structures found, that is to say, the problem of 
inferring from them the kind of cell or of tissue that they represent. 
I give here some examples of the way in which the cell, in general, may 
be degraded in Welsh coals. 

P'ragmented Cells 

Cellular fragments of a characteristic shape and disposition are 
frequently found, chiefly in fusain lenticles, but also embedded in bright 
coal and passing into it; these are shown in Fig. 1. The fragments are 
bounded by arcs, or bows, and the linear arrangement is sometimes, as in 
this case, well marked. Such fragments are familiar to the petrologist, 
and structure of this kind is called by Mugge's term ^^bogen" structure, 
that is arc structure. The structure is highly characteristic of com- 
minuted vesicular or cellular rocks, such as lava, tuffs of basalt, etc. 

The obvious interpretation is that the structure represents fractured 
secondary tissue, which might be either xylem or cortex. This interpre- 
tation has, however, been disputed, and the fragments called algal 
cells," so that it is important to be certain of the interpretation. The 
steps which prove that it really is fractured secondar^^ tissue may be 
seen in the following illustrations. 

Fig. 2 shows bogen structure in anthracite. In Fig. 3, there is a 
similar ‘‘bogen" structure, with the peculiarity of one or two dots in 
nearly every fragment. The interpretation is given, by Fig. 4, from an 
adjoining portion of the same coal; this shows that the dots are the 
intercellular spaces left, as is common in certain plant tissues, at the 
angles where cells touch each other. Complete hexagonal cells may be 
seen amid the fragments. The same thing is shown in Fig. 5 from a 
different Welsh anthracite. In Fig. 2, close inspection will reveal faint 
lines extending from the angles of the fragments and meeting near the 
center. Prolonged etching, as in Fig 6, brings them out more clearly; 
Turner's method also shows them. Their interpretation is made 
clear by Fig. 7, which is from a Scotch anthracite. Here the intercellular 
spaces are joined by dark lines, which clearly represent the middle 
lamellae of the cells. That the cells were elongated is proved by Fig. 8, 
which shows them cut obliquely with the middle lamellae quite distinct. 

That the cells were those of secondary tissue, either xylem (wood) or 
periderm (cork) is thus certain, but there is no evidence to prove which. 
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Periderm, in which the cells were disposed in lines, was well developed 
in most of the coal plants. In some cases of bogen structure, there is an 



Fig. 1. — ^Bogen structure in an- Fig. 2. — Bogen structure in anthra- 
thracite; etched with Schulze’s sol- cite; chromic etched. X 450. 
unoN. X 100. 



Fig. 3. — Bogen structure in anthra- Fig. 4. — Complete cells, showing 

cite; chromic etched. X450. intercellular spaces, same sample as 

IN Fig. 3; chromic etched. X 450. 


indication of medullary rays, which would prove it to be wood. In 
others, this evidence (or that of pitted tracheids) is absent and it is 
possible thRt the persistent occurrence of well-marked intercellular 
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spaces, as in Figs. 5 and 4, may indicate cortical tissue. This is a point 
that I hope to investigate further. 



Fig. 5. — Bogen structure and com- Fig. 6. — Bogen structure, showing 

PLETB CELL IN WeLSH ANTHRACITE; MIDDLE LAMELLAE; CHROMIC ETCHED. 
CHROMIC ETCHED. X 450. X 450. 



Fig. 7. — Cells uncompressed and com- Fig. 8. — Elongated bogen struo- 
PRESSED IN Scotch anthracite; flame turb in Welsh anthracite; flame 
etched, X 450. ETCHED. X 450. 

Unpbagmented Cells 

Bogen structure may be seen passing into coal in which the cells are 
unfractured, as in Fig. 9 (Welsh anthracite). In Fig. 10, the bogen. 
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structure has given place to unfractured' cells linearly disposed. In 
this case, the lumens of the cells are greatly reduced. Whether this 



Fig. 9. — Passage from fractured to Fig. 10.— Unfractured cells in Welsh 

UNFRACTURED CELLS IN AVeLSH ANTHRA- ANTHRACITE,: CHROMIC ETCHED. X 450. 

cite; chromic etched. X 450. 



Fig. 11. — Cells SHOWING iNTEBCELLU- Fig. 12. — Complete cells in Welsh 

LAB SPACES and MIDDLE LAMELLiB IN ANTHRACITE; FLAME ETCHED. X 450. 
Scotch anthracite; flame etched. 

X450. 

represents a fragment of sclerenchyma in which the walls were so thick- 
ened as to reduce the lumens to mere points, or whether the cells have 
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been filled post mortem by a colloidal substance which became bright 
coal, is an important but unsettled point. In this case, there are no 



Fig. 13. — Welsh anthracite; flame Fig. 14. — Welsh anthracite; flame 
ETCHED. X 450. ETCHED. X 450. 



Fig. 15. — Medullary rays and woody Fig. 16. — Woody tissue and medul- 

TISSUB IN cross-section FROM FOSSIL LARY RAYS IN CROSS-SECTION OF FOSSIL 
stem; CHROMIC ETCHED. X 100. STEM; CHROMIC ETCHED. X 450. 


middle lamellse to be seen, nor did flame etching reveal them. It looks 
as though the middle lamellsB had early decayed. When they were 
filled by a dark matrix, they are easily seen on etching and may be 
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the most persistent feature in the survival of the cell. In other cases, 
they have been filled with bright coal or compressed in a plastic state 
and vanished. 

The same applies to the lumens. Where they have been filled with 
a dark matrix they survive. When fractured, the juxtaposition of the 
arcs of the fragments form highly characteristic figures, consisting of 
alternate lenticular spaces joined by curved lines. Such spaces may be 
seen in Figs. 5 and 9. They often occur in a mass of structureless coal 
and may be the only survival of structure, but they may be sufficient to 
show^that we are dealing with what was once secondary xylem or cortex 



Fig. 17. — ^Woody tissue in longitudi- Fig. 18. — Spores in cross-section 

NAL- SECTION OF FOSSIL STEM, SHOWING OF WeLSH ANTHRACITE (DULL COAL) ; 
TBACHEIDS WITH BORDERED PITS; CHROMIC ETCHED WITH ScHULZE’s SOLUTION. X 50. 
ETCHED. X 450. 

In other cases, the lumen may disappear, either by compression or 
filling with a bright coal-matrix, and the middle lamellae alone survive as 
dark lines. If intercellular spaces are present they may survive as 
dots, or we may have a series of lines and dots; this may be observed in 
Figs. 7 and 11. The compression has closed the lumens and reduced 
them to faint lines, while the middle lamellae and intercellular spaces 
remain as parallel lines with dots at regular intervals. 

Occasionally the cell structure is extremely well preserved, as in Fig. 
12. The cell walls may be seen on close inspection to be perforated, and 
I think we have here an^oblique section of scalariform tracheids. 

From the question of the survival of cells in general, we pass to the 
question of the identification of tissues. Of these the most important 
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is woody tissue. To identify this we have to rely on three characteris- 
tics: (1) the occurrence of pitted tracheids, (2) the presence of medullary 
rays running at right angles to the tracheids and often containing resin, 
and (3) the presence of wood parenchyma or cells resembling the rays 
in form and contents, but parallel to the tracheids. 

The pitted cells may sometimes be observed in anthracite; Fig. 13 is 
an example, in Fig. 14 we have the remains of scalariform pits. The 
medullary rays are often hard to trace, but they seem to survive in some 
cases as lines, often showing bogen structure. 

A very instructive specimen was given me by Doctor Wheeler last 
July, which we propose jointly to investigate chemically as well as micro- 
scopically. It consists of a fossil stem in which the pith has been replaced 
by shale or stone, around which there is a layer of bright bituminous coal 
over an inch in thickness. Fig. 15 shows the appearance of a transverse 
section under a low magnification. The medullary rays are seen as 
dark lines thrown into waves in some places hy compression. A part of 
the same section magnified 450 diameters is shown in Fig. 16. Note the 
characteristic ^^arc and lenticule^^ spaces left by the displaced fragments 
of the large cells of the medullary rays. A longitudinal section, magnified 
450 diameters, is shown in Fig. 17. In this, the long tracheids are seen 
with what, I think, are clearly ^‘bordered pits, such as are found in 
coniferous wood. The large cells of the rays are cut transversely. 

The characteristics of cortical tissue are not so clearly made out, but 
cortex can certainly give rise to bright coal. I have some flattened 
stems of sigillaria and lepidodendron with a very thin bright coaly layer 
marked by the leaf bases and scars. I have succeeded in polishing and 
etching these and showing the cellular structure in places. The cells 
have large intercellular spaces and middle lamellae, but are not filled with a 
dark matrix, and are difficult to photograph. So in anthracite showing 
marks of the bark of lepidodendron I have observed nearly complete 
cells, with lumens and intercellular spaces joined by middle lamellae. 
The further investigation, it is hoped, will throw light on the characters 
of bright coal formed from cortical tissues and not from wood. 

A word may be said concerning the dull coal. It ‘contains com- 
minuted fragments of all sorts of tissue. Spore exines are frequently 
but not always present. Megaspores in anthracite are shown in Fig. 18. 
Dull coal, however, appears to exist in very small quantity in Welsh 
anthracite. When it occurs, it is often called “anthracite cannel” or 
pitch-like coal, but it resembles cannel only in appearance. If Thiessen 
is correct in attributing bright coal to larger fragments of wood (or 
perhaps one should say if this should be true of British coals) it has 
evidently an important bearing* on the origin of anthracite. I have 
forborne to discuss this question or indeed to attempt to make any 
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generalizations until more data have been accumulated by the systematic 
examination of the British coal fields. I have made a beginning of such a 
study of the Welsh coal fields, but an enormous amount of work remains 
to be done. The method of etching by reagents, however, has, I think, 
established itself as a powerful instrument for the microscopic investiga- 
tion of coal. 
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Microscopical Structure of Anthracite 

By Homer G. Turner,* Bethlehem, Pa. 

(New York Meeting, February, 1925) 

Coals, other than anthracite, have been so thoroughly studied under 
the microscope during recent years, that we now know what kinds of 
plants and what parts of plants form the bulk of lower rank coals from 
peat to bituminous coal. The microscope has also shown the state of 
preservation of such vegetation as well as the nature and distribution 
of products of plant decay. These and further details have been ascer- 
tained mainly through the employment of two methods of attack, 
section cutting and maceration. 

Anthracite has failed to respond to these methods, so well adapted 
to the study of lower rank coals and, therefore, has been neglected by 
investigators to such an extent that there is much doubt as to its micro- 
scopical characteristics. The object of this paper is to lift anthracite 
from its realm of obscurity by demonstrating the wealth of microscopical 
detail that is revealed when reflected light is used on a properly polished 
and etched surface and, further, to show the relationship between anthra- 
cite and bituminous coal. 


Technique 

The method adopted in this investigation is similar to that described 
in an earlier paper. ^ Because of slight modifications recently made, the 
process is again described. It consists, briefly, of etching a polished 
surface of coal with heat. Although pieces of various sizes and shapes are 
used, blocks of coal about 2 or 3 cm. square take the most uniform polish 
and are large enough to be handled with ease. Larger pieces can be used 
if one has the equipment for polishing them and they may be desirable 
when one wishes to study some particular form that extends for some 
distance through the coal. Large surfaces, however, require greater care 
in polishing and etching; for this reason, they are not recommended for 
ordinary work. 

* Assistant Professor of Geology, Lehigh University. 

^ H. G. Turner and H. R. Randall: A Preliminary Report on the Microscopy of 
Anthracite Coal. JnZ. of OeoL (1923) SI, 306. 
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Small blocks are cut from the coal by means of an ordinary hacksaw. 
Two surfaces, one parallel to the bedding and one at right angles to it, are 
ground to planes. All sharp edges are beveled slightly to prevent pieces 
from breaking off and scratching during the subsequent smoothing. 
These plane surfaces are then polished to remove saw marks and scratches. 

* The methods commonly used in polishing metals may be employed. 
The object is to obtain a scratchless surface with the minimum of time 
and effort. The method that yields best results consists of first grinding 
on a revolving iron lap with medium-sized carborundum powder and 
water; next grinding by hand on plate glass, using a paste of flour ahmdum 
and water; and then polishing by rubbing upon a piece of fine canvas or 
similar cloth stretched on a flat block, using again a paste of flour alun~ 
dum and water. The final buflSng is done by rubbing the washed and 
dried specimen on broadcloth with diamantine, or on wet broadcloth 
with magnesium oxide. All rubbing is done in a circular path, with the 
exception of the final few motions at each stage; these should be in one 
direction so one can tell when all the scratches produced by one rubbing 
are removed by the next. The polished surface thus produced may not 
be free from scratches, but these will not be objectionable if the final 
buffing has been done in one direction so that the scratches are easily 
recognized by their position. On laminated surfaces, the final polishing 
and buffing should be across the layers and not parallel to them. 

The specimen is placed in a drying oven over a Bunsen burner and 
heated from room temperature to about 220° C., to remove moisture and 
to obviate splitting of the surface as the result of sudden heating during 
the etching process. After this temperature has been maintained for 
about an hour, the specimen is removed with warm forceps and the 
polished surface immediately brought to a red heat by applying the oxidiz- 
ing blowpipe flame at right angles to the face. A differential oxidation 
is thus produced, which reveals the structure without destroying 
the polish. 

Different coals and different layers in the same coal may etch at differ- 
ent rates, -making it necessary at times to warm and etch repeatedly to 
bring out the greatest detail. If the coal splits badly when being etched, 
it must be immersed in clean dry sand with only the polished surface 
exposed, heated to about 300° C., and etched in place using a blast lamp. 

The etched coal is studied with the metallographic microscope, using 
vertical illumination from a carbon arc. A good working objective is 
one giving a magnification of from 150 to 200 diameters. 

Banding of Coal 

All ordinary anthracite, on close examination, is found to be more or 
less laminated and composed of layers differing from one another in color, 
luster, texture, mode of fracture, and thickness; Fig. 1. In general. 
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brilliant jet-black layers alternate with bright black or gray bands, in 
which are embedded thin sheets of dull material resembling charcoal. 
The brilliant layers consist of lenticular masses embedded in the bright 
gray to black coal. They vary in thickness from a few microns to a 
centimeter or more, and correspond to the layers in bituminous coal that 



Fig. 1. — Joint face of anthracite, of Pennsylvania age, from the anthra- 
cite REGIONS OF Pennsylvania. Lump shows several flattened jetlike stems, 
appearing on face of coal as brilliant black bands; these brilliant bands 

a, AS WELL AS DULLER PORTIONS fe, IN WHICH CAN BE SEEN FINE LAMINATIONS, ARE IN 
ENTIRE AGREEMENT WITH ORDINARY BITUMINOUS COAL. NATURAL SIZE. 


have been called, by various authors, ‘‘bright coal,” “glanz,” and 
^'anthraxylon.” The bright bands are thicker than the brilliant jet-black 
ones, although, on close inspection, they are shown to contain many thin 
sheets of the brilliant black coal and thin sheets of dull material. These 
bright bands correspond to the layers in bituminous coal that have been 
termed “dull coal,” “mat/’ and “attritus,” 

YOL. liXXI. — 9 
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The brilliant layers are more compact than the duller ones and possess 
a more perfect conchoidal fracture. Where they are thick, the broken 
surface often shows rounded or oval fracture forms. Some varieties of 
anthracite appear, at first glance, to be composed wholly of the brilliant 
coal, revealing their various laminse only on careful examination. Other 



Fig. 2. — Fragment of wood embedded in granular mass of debris composed 
OF MUD, macerated PLANT MATTER, AND FRAGMENTS OF MANY KINDS OF PLANT 

material; highly compressed condition of the wood is shown; sharp crack 

ACROSS WOOD SHOWS BRITTLE CONDITION OBTAINED BEFORE HARDENING OF DEBRIS 
WHICH FILLS THE CRACK. FrOM BeD No. 5, CaMERON CoLLIERY, ShAMOKIN, Pa. 
X 140. 

varieties seem to be composed largely of the bright material, in which 
are embedded only occasional lenses of brilliant coal. 

Mineral charcoal is abundant in almost all anthracite. Cleaving coal 
parallel to the banding exposes charcoal-covered surfaces in every speci- 
men that shows distinct lamination. In fact, it is almost impossible to 
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find a square inch of laminated coal that does not show charcoal either 
in thin sheets or lenses. On the other hand^ the varieties that are poorly 
laminated and almost uniform in luster contain little charcoal. The 
absence of distinct lamination is no doubt due, in part, to the paucity 



Fig. 3. — Wide piece of wood showing, in one portion o, flattening to such 

AN EXTENT THAT THE WOOD STRUCTURE IS ALMOST OBLITERATED, WHILE PRESERVING 
WOOD STRUCTURE IN ANOTHER PORTION 6, ALTHOUGH THE FIBERS HERE ARE HIGHLY 
COMPRESSED. FrOM LOWER PART OF BeD No. 5, CaMERON CoLLIERY, ShAMOKIN, 

Pa. X 140. 

of dull charcoal. In addition to the thin sheets of charcoal so commonly 
found in the bedding planes, one finds occasional charcoal lenses several 
inches in thickness, composed of crisscrossing chips 2 cm. or more in 
length and 1 cm. in width. Detached chips of these dimensions are also 
encountered with the coal bands warping around them. 

The above megascopic description of anthracite, aside from the luster 
which is on the whole much brighter, applies equally well to bituminous 
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coal. In fact, it would be difficult to distinguish between anthracite from 
Pennsylvania and bituminous coal from Illinois were it not for the 
difference in luster. 

The bright layers in bituminous coal have been shown, by the micro- 
scope, to consist of wood fragments of various kinds in varying states of 



Fig. 4. — Cross-section of wood appearing as a brilliant band in the coal; 

WALLS OF WOOD FIBERS HAVE BEEN FOLDED AND COLLAPSED ALTHOUGH NOT GREATLY 

fractured; whole section appears brilliant under microscope showing no 

BLACK DULL MATTER, SUCH AS IS SEEN IN FiG. 5. FrOM LOWER PART OF BeD No. 5 

Cameron Colliery, Shamokin, Pa. X 140. 


preservation. The duller layers of bituminous coal are likewise shown 
to consist of a mass of finely macerated plant matter containing many 
kinds of tissues, plant cells, fibers, cuticles, resinous matter, pollen grains, 
spores, and mineral matter. In this mass of debris are also found small 
bright lenses of woody matter with sheets and chips of dull mineral char- 
coal. To show the true relationship between anthracite and bituminous 
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Fig. 5. — Cross-section of wood showing fractured, somewhat bent, and 

TELESCOPED CELLS WITH SOME BLACK LUSTERLESS MATERIAL ABOUND CELL FRAG- 
MENTS; BRITTLENESS AND PRESENCE OF DULL BLACK MATERIAL SUGGESTS CRUSHED 
CHARCOAL, ALTHOUGH AS IN FiG. 2, THE BRILLIANT WOODY FRAGMENTS HAVE BECOME 
BRITTLE BEFORE WHOLE COAL MASS WAS HARDENED; MANY FRAGMENTS OF THIS NATURE 
ARE FOUND IN ANTHRACITE. FrOM CaMERON CoLLIERY, ShAMOKIN, Pa. X 235. 



Fig. 6. — ISomewhat oblique cross-section of wood from a small strip op 

BRILLIANT COAL,* CELLS ARE SO WELL PRESERVED AND SO LITTLE FLATTENED THAT IT 
suggests carbonized wood made DENSE BY AN INFILTRATION OP PUTRIFICATION 
PRODUCT SOLUTIONS. FrOM FoRGE SPLIT OF THE MaMMOTH BED, NaNTICOKE, Pa. 

X 235. 
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coal, it is necessary, therefore, to reveal the microscopical characteristics 
of those components of anthracite that are so obviously duplicated 
megascopically in bituminous coal. 

Brilliant Layers, or “Anthraxylon” 

The brilliant layers of anthracite, when examined under the micro- 
scope, are found to be derived from pieces of wood, such as limbs, stems, 



Fig. 7. — Part of Fig. 6 showing great detail revealed by method of treat- 
ment DESCRIBED IN THIS PAPER; NOTE THE DELICATE DUMBBELL-SHAPED MEMBRANE 
WITHIN CELLS AND ELLIPTIC MARKINGS SURROUNDING SMALL KNOTS ALONG CELL 

WALLS. X 1000. 

twigs, and roots. Wood structure has been preserved in many of them, 
although it is absolutely lacking in the majority. The cells range from 
almost perfect forms to forms that have been greatly flattened. Most 
of the bands seem to have been greatly compressed. In Fig. 2 is shown 
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Fig. 8. — A section crosswise to bedding showing plicated but little flat- 
tened WOOD fiber; this again may represent densified charcoal. From Prim- 
rose bed, William Penn Colliery, Pa. X 235. 



Fig. 9. — Section shows wood fiber much contorted or possibly scalariform 
material; perfect preservation shown again suggests hard carbonized mate- 
rial. From Primrose bed, William Penn Colliery, Pa. X 235. 
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a typical brilliant band, greatly compressed yet showing distinct wood 
texture. A break in the strip shows that this piece of wood became 
brittle before the ground mass in which it was embedded. Fig. 3 is a 
broad brilliant band that shows the transition from well-defined wood 
texture to almost structureless material. This photograph is of partic- 



FiG. 10. — A LARGE, WRINKLED SPORE EXINE FOUND IN DULLER LAYERS OF ANTHRACITE 

FROM Pennsylvania. X 235. 

ular importance for it shows that the woody matter may be so flattened 
that it appears homogeneous. Most of the structureless bands will 
show wood grain on their sides or ends if examined throughout their 
length and width. It seems logical, therefore, to assume that the bril- 
liant bands which are absolutely structureless are the result of extreme 
compression. Such structureless bands are not uncommon in certain 
En^ish bituminous coals, where they have been named “vitrain.^^ Fig. 
4 shows a condition sometimes met, where the cells have been crushed 
and folded. Figs. 2 to 4, then, show the usual appearance of the brilli ant 
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bands, making clear also why some of the bands seem structureless 
because of great compression. 

The brilliant bands in Figs. 6 to 9 show such perfect structure that 
they suggest pieces of wood which were not as plastic as the average. 
These fragments may represent partly carbonized wood or carbonized 



Fig. 11. — ^Largb spore exines from duller layers op coal; markings on the 

SPORES ARE PROBABLY LINES OF DEHISCENCE. FoUND IN PENNSYLVANIA ANTHRACITE. 

X 300. 


wood that has been thoroughly impregnated with the putrification- 
product solutions during subsequent immersion in the bog. 

As in bituminous coal, the woody matter forms the largest part of the 
deposit. Aside from the pronounced woody lenses mentioned, small 
chips, single cells, small groups of cells, and other woody products are 
found in the mass of debris designated here as bright coal. 

Bright Coal, or '^Attritus^' 

This material is a complex granular ground mass, composed of a 
great number of constituents derived from various parts of plants 
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together with mineral grains and substance with the appearance of mud. 
Some of the easily recognized things embedded in this ground mass are 
spores, megaspores, cuticles, former resinous matter, pith, plant fibers, 
plant cells and parts of cells, finely macerated woody matter, and mineral 
grains; Figs. 10, 11, and 12 show the types of megaspores observed. A 



Fig. 12. — View of the gkound mass showing a strips of brilliant structure- 
less WOOD, h LARGE SPORE EXINE, C FORMER RESIN BODY, AND SMALL FRAGMENTS OF 
PLANT DEBRIS INCLUDING MICROSPORES. FrOM BeD No. 5, CaMERON CoLLIERY, 

Shamokin, Pa. X 140. 

macerated fragment of wood containing round res'n bodies is shown in 
Fig. 13. In Fig. 14 is shown a longitudinal section of the primary wood 
of a lepidodendrid surrounded by plant fragments of various kinds. Fig. 
17 shows carbonized groups of vascular bundles surrounded by cuticles 
and strips of wood showing good cell structure, although greatly flattened. 
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All these forms, and many others too small to show in the photographs, 
but clearly visible under the microscope, have their counterparts in the 
corresponding bands of bituminous coal. 

Dull Layers — Carbonized Matter 

The carbonized matter of coal has been called charcoal,'^ mother of 
coal,” and '^fusain.” That there is a great amount in anthracite is 



Fia 13 . — Section crosswise to bedding; this section through the duller 
LAYERS shows A SOMEWHAT MACERATED WOOD FRAGMENT CONTAINING ROUND BODIES 
which are PROBABLY VESSELS FORMERLY FILLED WITH RESIN OR GUM. FrOM PRIM- 
ROSE BED, William Penn Colliery, Pa. X 235. 


indicated by the foregoing megascopic description. This material 
varies in hardness and texture and, possibly, in composition. Most 
of it shows good plant structure, being structureless in rare cases only. 
Figs. 18 and 19 represent cross-sections of large fragments of material 
that, to the unaided eye, lopk like fragments of ordinary charcoal. One 
piece (Fig. 18) is 'so soft that it crumbles readily in the fingers; the 
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thin walls of the perfect cells show the reason for this behavior. 
The other piece (Fig. 19) is so hard that it can just be scratched with the 
finger nail. The reason for this superior hardness is shown in the much 
thicker cell walls and component bright bands of hard coal material. In 
both of these fragments the cells are devoid of filling. Fragments of 
other charcoal-like material were isolated and found to be too hard to be 
scratched with the nail. Under the microscope, these hard fragments 



Fig. 14. — section tabough the duller layers showing a longitudinal 

SECTION OP PRIMARY WOOD OP A LEPIDODENDRID a) NOTE DELICATE SCALARIFORM 

STRUCTURE. From Bed No. 5, Cameron Colliery, Shamokin, Pa. X 140. 

show crushed and fractured cells, as illustrated in Fig. 5. It is suggested 
that this particular material represents carbonized wood which had been 
densified by infiltration of products of vegetal decay and further hardened 
by compression. It can be seen that in the bright coal (Fig. 4) the cells 
are warped and crushed, while in Fig. 5 they are crushed and fractured. 
In the duller portions of the coal, carbonized fragments are also found 
having perfect cell structure, with the cells filled with dull structureless 
material; these are represented by Figs. 20 and 21. 

The charcoal-like materials are similar in that they show almost 
perfect structures. This would suggest that they escaped the jelly stage 
of the other materials in the bog. Difference in thickness of cell walls 
and of cell filling may indicate differences either in stages of carboniza- 
tion or oxidation before burial, or in original composition, or in behavior 
after burial. 
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Conclusions 

It is evident, from the foregoing, that anthracite responds readily to 
the method of treatment herein described. The photographs show that 
very delicate microscopical details are made clearly visible. It has been 
shown further that anthracite is composed of the same kinds of organisms 



Fig. 15. — Strips of brilliant structureless wood a, flattened cells 6, 

WARPED AND FRACTURED CELLS C, AND FIBERS OF PRIMARY WOOD OF A LEPIDODBNDRID d. 

From Bed No. 5, Cameron Colliery, Shamokin, Pa. 


and materials found in bituminous coal; that these organisms and their 
parts are in the same proportions as they are in bituminous coal; and also 
that these organisms are in a similar state of preservation, except for the 
greater abundance of structureless bands produced by intense flattening 
of wood components. 
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DISCUSSION 

E. S. Moore,* Toronto, Ont. — These papers should end the difB- 
culties some people have in accepting the opinions of most geologists 
that there is really no difference between bituminous coal and anthracite 
in nature of deposition and physical constitution. The suggestion that 



Fig. 1 ( 5 . — i^bobably a TKAivaviiiBSii; view oe bkimaby woody tissues of a species 

OF LEPIDODENDKON SHOWING sc ALARIFORM STRUCTURE; NOTE UNUSUALLY THICK CELL 
WALLS, GIVING THE APPEARANCE OF FRUIT STONE STRUCTURE. FrOM PENNSYLVANIA 
ANTHRACITE, 

the anthracite of Wales is different from that of America seems to indi- 
cate that some of the Welsh scientists are loath to give up the idea that the 
origin of the Welsh anthracite cannot be explained, as we explain it in 
America, by influence of pressure. I would like to ask if the author has 
found any marked difference in the spore content, so far as his studies 
have gone between the Pennsylvania anthracite and the Pennsylvania 

* Professor of Economic Geology, University of Toronto, 
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bituminous coal, and also whether in the attempt to apply this micro- 
scopical study in the correlation of the anthracite seams, his efforts have 
met with much practical success. 

Edward C. Jeffrey, Cambridge,* Mass. — There is a distinctive 
value in having more than one method of studying anthracite. Etching, 
whether effected by chemicals or by flame, is a much more rapid method 



Fig. 17. — Vascular bundles o surrounded by l^af cuticle b with compressed 
WOODY FRAGMENTS C BORDERING THE WHOLE. SPECIMEN FROM FoRGE SPLIT OF 

Mammoth bed, N anticoke, Pa. X 100. 


for getting results, but the thin sections will give a clearer idea of the 
organization of anthracite. 

Reinhardt Thiessen,! Pittsburgh, Pa. — Doctor Seyler has proved 
that beyond any doubt. The idea has been formed that it is very 
difficult to make thin sections. This is not so difficult; we have made 
as many as eighteen thin sections in a day and if you can make eighteen 

* Professor of Botany, Harvard University, 
t Research Chemist, Bureau of Mines. 
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surfaces by his method, you are doing pretty well. It has also been said 
that it is impossible to make a thin section of brown coals; recently I have 
made several dozen thin sections of brown coals. 

H. J. Rose, Pittsburgh, Pa. — It is very easy to find mother-of-coal 
structure in metallurgical coke; a single cut section may show ten or 
twenty fragments. 



Fig. 18. — Isolated fkagments of friable charcoal showing simple and 

PERFECT CELL STRUCTURE; CELL WALLS ARE THIN AND CELLS EMPTY. FRAGMENT WAS 
SO FRAGILE THAT IT HAD TO BE BOILED IN BALSAM AND XYLOL BEFORE POLISHING IN 
REGULAR way; ETCHING WAS NOT NECESSARY TO BRING OUT STRUCTURE SHOWN. 

Compare with Fig. 19. From thick lens in Mammoth bed stripping near Mt. 
Carmel, Pa. X 120. 

James F. Kemp, New York, N. Y. — About ninety years ago, a 
Professor Bailey, of the Military Academy at West Point, when sitting 
before his grate fire, noted that a thin film of ash revealed traces of 
plant structure. 

David White, Washington, D. C. — The methods of sectioning car- 
bonized vegetable debris for microscopical study, brought to such perfec- 
tion by Doctors Jeffrey and Thiessen, open the way to the investigation 
of the morphology of a wealth of carbonized or coalified plant remains 
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previously baffling the student. They should lead to great discoveries 
in the mutual relations and evolution of the plants of all periods. The 
revelation in microscopical detail of the morphological secrets of the 
anthracites is now made possible through the modes of treatment 
developed by Seyler, Turner, and others. 

Clarence A. Seyler, Swansea, Wales (written discussion). — A 
comparison of the results obtained by the author for American anthra- 
cites with those obtained by me for Welsh anthracites (partly by his 



Fig 19. — Isolated fragment of charcoal showing almost perfect cell 
STRUCTURE WITH THICKER CELL WALLS THAN SHOWN IN FiG. 18. ThIS PIECE WAS 
HARD ENOUGH TO TAKE A GOOD POLISH WITHOUT BOILING IN BALSAM MIXTURE; CELLS 
ARE EMPTY AND STRENGTHENED HERE AND THERE BY BANDS OF BRILLIANT STRUCTURE- 
LESS COAL a; NO ETCHING WAS APPLIED TO THIS SPECIMEN. FrOM CaMERON CoLLIERY 

Shamokin, Pa. X 140. 

method and partly by that of etching with chromic acid) shows a close 
similarity between them. Figs. 4, 5, and 9 show fragmented cells (“bogen 
structure”) similar to those illustrated in my Figs. 1 to 6, and his inter- 
pretation of them as fragmented woody tissues agrees with mine.* 

*The Microstructure of Coal; see p. 117. 

VOL. LXXI. 10 
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Figs. 6 and 7 show what the author describes as delicate dumbbell- 
shaped membranes within the cells and elliptic markings surrounding 
small knots along the cell walls.’^ Comparison with my Figs. 11 and 12 
will show, I think, that the elliptic markings are the intercellular spaces 
and the knots deposits of pyrites or other extraneous matter within them. 



Fig. 20. — Carbonized wood showing original cell laminae. Remarkable 

PRESERVATION MAY BE DUE, IN PART, TO SILICEOUS FILLING SHOWN BY GRAY AREAS 
WITHIN CELL WALLS, ALTHOUGH SOME CELLS ARE FILLED WITH BLACK, LUSTERLESS 
CARBONACEOUS MATERIAL,* NOTE DELICATE INTERCELLULAR SPACES. FrOM FoRGE 

SPLIT OF Mammoth bed, Nanticoke, Pa. 

The double perforated lines joining the intercellular spaces are the outlines 
of the middle lamellae, as in my Fig. 12. The dumbbell-shaped spaces 
are the remains of the lumens, squeezed in the center, the cell walls being 
either very thick or partly filled with a gelatinized matrix, which has 
subsequently become bright coal. Fig. 21 may be compared with 
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my Figs. 7 and 11. The middle lamellae, and intercellular spaces of the 
uncompressed cells are clearly visible. Supplementary photographs 
will be found in another publication.^ While I was in Pittsburgh, Doctor 
Thiessen gave me some photographs of a German brown coal. The 
resemblance in every detail to Fig. 11 in the article just above cited, is 
marvellous. 



Fig. 21. — Cells of xylem or phloem of a vascular bundle; this is a section 

THROUGH A DULL CARBONIZED KNOT. SoME CELLS ARE PARTLY FILLED WITH SMALL 
GRAINS OF PYRITE, WHICH DO NOT SHOW IN PHOTOGRAPH. BlACK CENTERS ARE DULL 
CARBONACEOUS MATERIAL. FrOM FoRGE SPLIT OF MaMMOTH BED, NaNTICOKE, Pa. 

X 235. 

I take this opportunity of acknowledging cordially the great kindness 
of Doctor Thiessen and all the American coal experts whom I met during 
my recent visit to the United States and to express on behalf of myself 
and British colleagues, our pleasure at the opportunity afforded us, by 
the Institute, of exchanging ideas. 

A. C. Noe, Chicago, 111. (written discussion). — Some time ago, the 
microscopical structure of bituminous coal was thoroughly investigated 


® Clarence A. Seyler: The Microstructure of Coal. Fuel in Sd, & Prac, (1925) 

4 , 56. 
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by Doctor Thiessen. Today, we are presented with a most interesting 
study of anthracite and it is to be hoped that somebody with equal 
ability will soon take up the microscopic examination of lignite. 

There are a few excellent publications on the microscopy of coal that 
should be brought to the attention of mining engineers.^* ® 

The article by Booth^ shows how the microscopic study of coal pays 
from a commercial point of view. The author divides coal into three 
classes, all of which can be quickly determined with the microscope. 
They are: coals of a woody tissue, which swell considerably on heating 
and form a very porous coke; coals with a predominance of spore coats 
and microspores which are practically non-coking; and the non-coking 
long-flame cannel coals. During the War, new sources of coal in Great 
Britain had to be tapped and coals were accepted or rejected on micro- 
scopical evidence alone; little or no chemical analysis and no large-scale 
tests were run. This was a great saving of time to the laboratory staffs. 
Jeffrey^ has written for the general public that is interested in coal — its 
origin and its many other aspects. The book contains also much valuable 
information for the geologist and botanist. It is generously illustrated 
and can be considered the best popular treatment of the subject in the 
English language. Potoni^’s book,® written in German, discusses the 
structure composition and origin of coal for geologists and is the most 
exhaustive up-to-date handbook on coal petrography. 

Professor Turner is the first author who has specialized on anthracite. 

^ A. L. Booth: The Microstructure of Coal from an Industrial Standpoint. Jnl. 
Royal Microscopic Society of England (June, 1911). 

® E. C. Jeffrey : Coal and Civilization. 

® Robert Potoni^: Petrography of Coal. Berlin, 1924. 
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Coal in Relation to Coke 

By Edward C. Jeffrey,* Cambridge, Mass. 

(New York Meeting, February, 1925) 

The use of coke in metallurgy, to any important degree, dates from 
the middle of the 18th century. Its utilization came most opportunely 
for European civilization. The forests of Europe, except in the most 
remote and inaccessible regions, had been largely fed, in the form of 
charcoal, into the smelting furnaces. For a hundred years — the middle 
of the 17th to the middle of the 18th century — there was a stationary 
condition of population corresponding to the exhaustion of European 
forests. This situation, which was particularly evident in Great Britain, 
was due to the fact that the forests had been depleted and the practical 
utilization of coke had not begun. 

The coking industry is essential for our metallurgical industries, 
which in turn are basal to healthy economic progress. But coke is of 
great importance, not only on its own account, but for its byproducts, 
which enter fundamentally into all the arts of peace and war. The 
dyestuff industry and the manufacture of explosives are intimately 
connected with one another, as was shown by the recent war. The 
subject of coking coal, therefore, is well worthy the serious attention 
both of practical industry and the scientific investigator. 

The most valuable coking coals, from the metallurgical standpoint, 
are derived from the coals of highest ranks. Coals, for example, that have 
a carbon ratio of from 70 to 80 per cent, yield the most valuable coke for 
the blast furnace. The difliculty of investigating these coals, however, is 
great, for they are rather friable and delicate and possess a high carbon 
content, which makes them difficult to manipulate. They present, on 
account of their high carbon content, a considerable degree of opacity 
when examined, in thin sections, under the microscope. The tenderness 
of structure and blackness of such high-grade coking coals as those of 
Connellsville and the Pocahontas region make them extremely diflScult 
to investigate. 

Two of my colleagues, who are taking part in this discussion, will 
describe the valuable results that have been reached by studying coal by 
the methods of the mineralogist. Doctor White and Doctor Thiessen 
have studied the structure of coal as determined from thin sections that 
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have been polished on the petrographer^s grinding lathe. Professor 
Turner, on the other hand, has investigated the stnicture of anthracite. 



Fig. 1. — Vertical section op oil shale Tasmanite showing presence op numer- 
ous PLATTENED SPORES AND OP TWO THAT HAVE NOT SUPPERED PLATTENING. 



Fig. 2. — Vertical section op a typical cannel coal prom Bluegrass, Ky., 

SHOWING PRESENCE OP LARGE NUMBERS OP SPORES, A DARK MATRIX, AND A LIGHTER 
COLORED MATERIAL, WHICH REPRESENTS WOOD NOW DEVOID OP STRUCTURE. 


the most highly carbonaceous of all carbonic minerals except graphite, 
by a highly ingenious method of polishing and subsequent etching with 
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heat. My own investigations have been carried on by still other methods. 
It has seemed to me that the processes employed, by the biolo^st, in the 
study of plants living and extinct, would, with proper modifications, 
reveal the structure of coal better than any other means. It has taken 
a number of years of experiment to justify this belief, but the results are 



Fig. 3. — End of a partly charred branch of a conifer from the American 

Cretaceous. 



Fig. 4. — Other end of branch shown in Fig. 3; this end has escaped charring. 


entirely conclusive for it is now possible to view the intimate organ- 
izations of coals of every rank, grade, and description with the highest 
powers of the microscope. This possibility has not existed in the past 
and, as a consequence, works dealing with coal lack adequate illustrations 
of its structure. That situation is likely soon to be remedied. I have 
supplied a large number of illustrations for recent textbooks dealing with 
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geology, more particularly with the subject of coal. It would be out of 
place to describe the technical detail of these methods here, particu- 



Fig. 5. — Fragment of wood from coal showing effect of charring in pres- 
ervation OF WOOD structure; upper part is charred and lower has not under- 
gone THAT process. 



Fig. 6. — Vertical section of a coal ball from Lancashire, England, showing 

ORGANIZATION OF A PETRIFIED CONCRETION IN COAL. 

larly as they have been stated in a memoir now being published by the 
American Academy of Arts and Sciences. 
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At present charcoal is still employed for smelting certain sorts of 
iron but, from the limited supply, its use is very restricted. It is pro- 
posed, in this paper, to show that coke bears an interesting relation, in 
origin, to the charcoal it has so completely replaced. The investigations 
of recent years have shown that coals consist, outside of their ash content, 
of three main materials more or less modified by water action, heat, and 
pressure. These constituents are present in different proportions in 
different coals and their relative abundance determines the general 
character of the coal. In certain coals, known as oil shales and cannels, 
the reproductive parts, or spores, of fernlike seed plants are present in 
large numbers. In many oil shales, spores greatly predominate over 
every other constituent; in cannels frequently they are much less abun- 
dant. Such coals yield large quantities of hydrocarbons, both gaseous 
and liquid, when subjected to dr^^ distillation, either naturally or artifi- 
cially. Coals of this type are usually characterized by a curved fracture 
and dull appearance, in contrast to the prismatic fracture and glistening 
aspect of coals of the bituminous and anthracitic types. The spore coals 
are an important source of petroleum and, consequently, occupy an out- 
standing position in the activities of the present age as the internal- 
combustion engine is actuated by their products. Coals of this type, in 
addition to the spores which are nearly always well preserved, even if 
much flattened by pressure, have a dark matrix which is penetrated by 
light only in sections 0.0001 in. thick or even thinner. As this material 
is entirely structureless, it is impossible to make more than a plausible 
surmise as to its nature. Judging, however, from the organization of 
accumulations of the present age, which resemble in general structure 
oil shales and cannels, it is highly probable that this dark matrix, which is 
so commonly present in spore coals, represents the more perishable 
parts of plants such as gelatinous cell walls, etc. 

The third constituent of coals is wood. This is often extremely 
abundant and may exclude, in some cases, the spores and dark matrix 
that predominate in the spore coals, known as oil shales and cannels. 
The coals of this type, instead of having a conchoidal or curved fracture 
and a dull aspect, break up into prismatic fragments and are conspicuous 
for their glistening appearance. These glance or glistening coals supply 
us with the types known as bituminous coals and anthracites. In these 
the three constituents described are of different colors. The spores are 
golden yellow, the matrix when present is black, and the woody con- 
stituents have a rich brown hue. The general aspect of a thin section 
of coal, consequently, presents a striking and even gorgeous combination 
of colors, when examined by transmitted light under the microscope. 

The general subject of the organization of coal has been dealt with by 
Doctor White and Doctor Thiessen, and the structure of anthracite by 
Professor Turner. It is possible, accordingly, to confine this paper to the 
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Fig. 7. — Vertical section op coal surrounding the coal ball; the raw 

MATERIALS OF THIS COAL CONSISTED OP WOODY FRAGMENTS OF PLANTS AND HAVE 
ENTIRELY LOST THEIR STRUCTURE EXCEPT WHERE THEY HAVE BEEN PETRIFIED, AS IN 

Fig. 6. 



Fig. 8. — Gross aspect op a fragment op coal showing transition from 

BITUMINOUS coal TO CANNEL; THE BITUMINOUS IS UPPERMOST AND THE CANNEL COAL 
BELOW. 




EDWARD C. JEFFREY 


155 


composition of coking coals in relation to their organization and origin. 
Fig. 12 shows the organization of coking coal of high rank from Connells- 
ville, Pa. The coal, as a whole, is made up of a more or less homo- 
geneous, but somewhat fissured, matrix that in nature is brown in 
color. The dark band running across the center represents partly charred 
wood, or fusaine often inaccurately described as ‘^mother of coaF^ or 
‘^mineral charcoal.” An examination of a wide range of coals shows 
that a great part of the brown matrix, which constitutes the mass of 
glistening coals with prismatic fracture, namely, bituminous coals and 
anthracites, is of woody origin; it is possible to trace in certain coals 
every gradation from wood with its structure perfectly preserved to that 
in which all trace of structural organization has disappeared. This 
possibility is presented in the case of fragments of wood or whole trunks or 
branches that have been partly charred by fire previous to inclusion in the 
raw material of the coal. The degree of charring marks the extent to 
which the original structure will be maintained in the fully matured coal, 
while complete absence of the action of heat creates a situation that often 
leads to the entire obliteration of structure in the course of ages. 
Between these two extremes lie imperceptible gradation, depending on 
the degree of exposure to heat. Illustrations of these modifications are 
shown in Figs. 3 to 5. 

It follows from the statements regarding the woody origin of brown- 
hued materials in thin sections of coal, that the coking coal from the 
Connellsville basin referred to consists mainly of woody materials, or 
rather of materials of woody origin. The valuable coking and steam 
coal, commercially known as Pocahontas coal, shows an organization 
very similar to that presented by Connellsville coal. It follows natu- 
rally that if the theoretical views just expressed concerning the origin 
of Connellsville coking coal are correct, they apply equally to 
Pocahontas coal. 

Without exception, typical oil-shale and cannel coals are entirely 
refractory in the coking oven and do not give utilizable coke. In the case 
of oil shales, this condition is apparently absolute; in the case of cannel 
coals, which often exhibit considerable brown matrix in addition to the 
yellow spores, at best a light almost flocculent coke is produced. This is 
of slight value for household purposes and is not to be considered at all 
for utilization in the blast furnace. 

Impressed by the organization of such highly valued coking coals as 
those from the Connellsville and Pocahontas areas, it has seemed to the 
author that the worth of the coal, from the standpoint of the coking indus- 
try, was in direct proportion, other things being equal, to its content of 
modified wood (Lignitoid, Jeffrey; Anthraxylon, Thiessen). An attempt 
was made to verify this hypothesis experimentally. Cretaceous lignites 
representing the trunks of trees, the affinities of which have been accurately 
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determined by the microscope, were subjected to strong heat in a closed 
crucible. In a number of instances these woody trunks, which have been 
much modified during long ages by the action of water, pressure, etc.. 



Fig. 9. — Vertical section through bituminous part of coal shown in Fig. 8; 

THIS COAL CONSISTS MAINLY OF STRUCTURELESS WOOD AND OF SPORES. 



Fig. 10. — Vertical section op bituminous coal prom Lancashire, England, 

SHOWING large QUANTITIES OP SPORES AS WELL AS MODIFIED WOOD. 


gave rise to quite typical coke. Fig. 11 shows the formation of the coke 
resulting from the heating of one of these woods in a confined space. 
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Obviously, the organization has largely disappeared as the result of the 
liquefaction following exposure to high temperature. The author has 
carried on a number of experiments of this kind in the case of fossil woods 



Fig. 11. — Gross appearance of Cretaceous tree trunk that has been trans- 
formed INTO COKE BY HEATING IN A CLOSED CRUCIBLE. 



Fig. 12. — Vertical section of coking coal from Connellsville area; this 

IS MOSTLY COMPOSED OP MODIFIED WOOD, NEAR THE CENTER IS A SMALL FRAGMENT 
OP CHARRED WOOD IN TRANSVERSE SECTION. 


from different geological periods. In many cases, the result has been the 
formation of a quite typical coke, while in other instances no coke 
resulted. In the latter cases, a process of charring was obvious but there 
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was no liquefaction followed by the formation of coke. As the structural 
organization of all the materials used in the present connection was purely 
woody, it follows that, in some instances, the wood had not undergone the 
chemical changes necessary to yield coke after being heated. It seems 
clear from the experiments described here and the illustrations that 
woody organization is a fundamental feature of the coals that can be 
transformed into coke in the oven; it follows, therefore, that not only 
must wood be the predominant constituent of the original raw materials 
of the coking coals, but it must have attained an appropriate degree of 
chemical modification. It is entirely likely that where time and nature 
have not brought the woody raw materials of the coals into a condition 
fit for coking, the knowledge and ingenuity of man can take the 
place of the slow processes of nature. It seems entirely probable, 
accordingly, that in the process of time, and as a result of our increase 
of knowledge of the chemistry of coal, all combustible minerals of 
mainly woody origin can ultimately be transformed into utilizable coke. 

The author has one interesting example of a natural coke derived 
from a recent coniferous wood, which affords confirmation of his 
hypothesis that coking coals are formed of what was originally woody 
material. The specimen, dug up under a shallow covering of sand on 
Cape Cod, was sent to Prof. J. B. Woodworth with an inquiry as to its 
nature. He submitted it to the author, who discovered it to be a frag- 
ment of recent lignite, in a fair state of preservation, that had been partly 
transformed into coke. 

If the views set down here are correct, coke has the same botanical 
origin as the charcoal it long ago replaced in the metallurgical industries. 
It follows, of course, that the original wood must have undergone the 
requisite chemical modifications in order to produce the substance known 
as coke. It is further clear that the presence of spore material, in any 
considerable amount in coking coals, is disadvantageous and that a large 
amount of spores effectually nullify the value of the coke that can be 
produced from any coal. A similar statement holds for those problematic 
organisms, which have been interpreted b3^ some of my colleagues, as the 
remains of algae. The^’^ not only present all the optical characteristics of 
spores but are likewise disadvantageous as a constituent of coal for coking 
piu-poses. Pure spore coals, whether they be regarded as such or consid- 
ered to be of algal origin, are quite incapable of undergoing the process of 
liquefaction under high temperatures to which the name coking is given. 

DISCUSSION 

David White,* Washington, D. C- — ^A few of the slides look as though 
they had been treated by chemicals, either acids or oxides, before or 
after grinding. What is the maximum temperature developed in these 

* Senior Geologist, U. S. Geological Survey. 
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slides ill the course of Uieir preparation? Most of the sections shown 
represent genuinely aquatic deposits laid down in ponds and lakes rather 
than normal coals. Some of the slides first exhibited are essentially what 
was described by Potoni6 as sapropel. In the small lake or pond, which 
may be 50 feet deep and which in any event is too deep for the growth of 
subaerial vegetation in place, the deposit will contain much sapropelic 
material. The shorter the radius of the water-body, the nearer the shore 
to all parts of the area of accumulation, and the greater the opportunity 
for infall or drift of carbohydrate land vegetation into the aqueous deposit. 
Therefore, small sapropelic deposits like the typical cannel coals, which 
are laid down in ponds or little lakes, or in the sluggish cut-off bayous 
in the swamp, may contain considerable drifted wood or other detritus, 
as well as windblown spores, drifted pollen, and other small resistant 
debris. 

The greater the extent of the water-body the less the amount of con- 
tributed debris of land origin and the greater the proportion of distinctly 
aquatic life. The canneloid type, which is shown in about half of Doctor 
Jeffrey’s slides, is distinctly an aquatic deposit of the former (small lake 
or bayou) type and is not typical of our coals, which are generally xyloid. 
One does not think of a forest bordering the bayou or lake without shed- 
ding its pollen or dropping its leaves and twigs where they may blow or 
drift into the pond. The spores shed from the ferns are transported for 
long distances in the air and, together with the pollen grains, are charac- 
teristic if not dominant in the open-water deposits of the canneloid type. 
Again, the larger this body, the smaller in general will be the proportions 
of land derived spores or of pollen. 

If the conditions of deposition are such as to permit oxidation and so 
to interfere with the concentration of ulmic matter to the point of tox- 
icity to the germs, the woody material will continue to decay, for the most 
part, at least, as is usually found to have been the case in the canneloid 
deposits. Even in the terrestrial swamps aeration or slowness of accumu- 
lation of plant detritus may permit the loss of nearly all the woody 
material, leaving only the most resistant plant elements, such as spore 
and pollen exines, resins, and fragments of cuticles to survive in the 
deposit. Accordingly, we have, in passing from layer to layer in most 
coal beds, great variation in the amount of spore and other ultra-resistant 
debris, while in other layers greater toxicity of the aqueous medium has 
caused the conservation of more of the wood and other less resistant 
plant structures. In most deposits great amounts of plant matter are 
sacrificed before effective toxicity is reached through the accumulation 
of the ulmic products of smothered decomposition. 

Cannels intergrade through the larger lake deposits into oil shales 
and bituminous shales in general. 
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Striped or banded’^ coals are quite normal, in fact they are most 
common. The amount of wood in the ordinary coal may be from 15 to 
85 per cent, or more, according to the condition of deposition. If the 
preservation of the wood is good, the wood is much more in obvious. 

I am a little uncertain as to whether the author concludes that all 
the mineral charcoal scattered here and there in his peat deposits or 
pond deposits, become charcoal after burial of the deposits, or whether it 
came into the deposit as charcoal. 

E. S. SiNKiNSON, Bethlehem, Pa. — What is it in coal that goes to form 
coke? Can it be the gases produced by a thermal decomposition of 
coal decomposing to give a nucleus of carbon in so fine a state of division 
that forces of cohesion come into play which bind them into the founda- 
tional structure of a coke? 

S. W. Parr,* Urbana, 111. — Are these zones where charring has taken 
place burning in the ordinary sense, or after being closed and subjected 
to geological conditions? 

James F. KEMP,t New York, N. Y. — Several times, in the past twenty- 
five years, when there have been severe forest fires in the Adirondacks 
charred leaves have come floating down out of the atmosphere and gently 
deposited on the surface of Lake George. All the discussion has assumed 
that the charred material would be deposited in a coal seam through the 
urgency of water, but the rush of hot air in a forest fire carries charred 
leaves up into the air and they are transported miles before they come 
down. Many times the fires were so far away we had no information as 
to the location; they were perhaps 25 miles away from the lake. 

I could not help but be impressed with the discussion that the increased 
combinations of coals, as against the vegetable materials, is largely a 
matter of oxidization, whatever process we describe, whether the fraction 
or influence of bacteria make progressive anastomozing from vegetable 
matter to peat, so on to bituminous and anthracite, but with a progressive 
relative increase in the carbon. Just where we would draw the line in 
these processes between the oxidization and combustion, might be 
a difficult matter. 

David White. — We are quite generally in agreement that ordinary 
coking coal represents the woody type of coal, whether lignite, subbitu- 
minous or semi-bituminous, which has been brought to the coking stage 
in the course of its evolution, — called carbonization or devolatilization. 
The coking qualities are generally excellent when the fixed carbon 
(pure coal basis) of these woody coals approximates 65 to 75 or is even as 
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high as 83 per cent. “Mineral-charcoal” (fusain) is generally abundant 
in coking coals. 

Edward C. Jeffrey. — As regards the nature of coking, I, may say 
that wood of the same geological age, undoubtedly pure wood (I mean 
pure as regards structure) that has undergone the lignitic modification, 
can be coked in an ordinary closed retort; others cannot. That is the 
result of a degree of chemical modification that the original wood has 
undergone. I understand that it has been found possible to transform 
the ordinary wood into a substance like coal by heating it in vacuum 
for a prolonged period. 

The microscopic study of this coke — and I have been able to get every 
stage of the modification from the original lignitic material to coke — 
shows that it is not any resinous material which is responsible for the 
coking unless that resinous material is secondarily derived from modifica- 
tion of the walls of the elements of the wood. In the preparations, you 
can see the walls melt and run together with the development of a moder- 
ate amount of gas, which is responsible for the porousness of coke. The 
piece of natural coke from Cape Cod was dug up under several feet of 
sand; it was not in the water at all. It may have been in the water at 
some time, but not in recent times at any rate. 

I said at the outset that I was not dealing with chemical matters at all; 
all I claim is the structure of the coal is not modified. I have studied 
ground sections and sections of coal side by side, and where there is no 
difference between structure. I have found in sections very minute and 
delicate structures, and I am afraid the work will outlast my power. 
In the case of Mesozoic substances, the charred material can get in the 
water and come to rest without injury, even when it is of very delicate 
origin. 

Reinhardt Thiessen,* Pittsburgh, Pa. — I have found invariably 
with ordinary bituminous coals, even those coals called non-coking, 
that that part of the coal derived from the woody parts of plants, which 
I call anthraxylon, cokes: the attritus in the same coal does not coke. 
In the typical coking coals, the resinous and the spore matters have 
largely disappeared and the woody derivatives have remained. For 
example, in tracing the Pittsburgh from its extreme western limits to the 
east, the coking properties of that coal increase. As the region of the 
typical coking coals is approached, the spore-matter disappears until, 
as at Connellsville, it has disappeared altogether. Why those spores 
should have disappeared I do not know. That the coal once did con- 
tain spores is shown by the cavities in which they were once located. The 
resinous matters have been charred or devolatilized so that they are 
opaque. It seems then that the woody parts of the plants have furnished 


VOL. LXXl. 11 


* Research Chemist, Bureau of Mines. 



162 


COAL IN RELATION TO COKE 


the coking constituents of coal. But in order to be coking, favorable 
factors must coincide. 

Chas. R. Fettke,* Pittsburgh, Pa. (written discussion). — Several 
years ago, while engaged in an investigation of the oil resources in coals 
and carbonaceous shales of Pennsylvania for the Pennsylvania Geologi- 
cal Survey, the writer made a series of low-temperature carbonization 
tests on samples from all the known cannel coal deposits in the state. 
Since that time tests have also been made on oil shales from numerous 
other localities, including samples from different beds in the Green River 
formation of Colorado and Utah. While in most instances, the cannel 
coals and oil shales show little or no tendency to coke, there are some 
notable exceptions. 

Among samples of cannel coal and shale representing thirty-one 
localities in Pennsylvania, three were found that possess the coking 
property to a rather marked degree. As a rule, cannel coals have a 
higher ash content than ordinary coals; this is particularly true of the 
Pennsylvania occurrences. The deposits that have been mined on a 
small scale in the state in recent years contain from 11 to 27 per cent, of 
ash; only four samples were obtained that contained less than 20 per cent. 
It seems likely, therefore, that in some instances at least the high ash 
content has affected the coking properties. 

The purer portions of the famous Cannelton bed of cannel coal 
in the northwestern corner of Beaver County, Pa., form a hard dense 
coke. Pores, while numerous, are not as large as those ordinarily 
developed in coke from bituminous coking coals. Occasional fragments 
of unfused material, undoubtedly representing bony streaks in the 
cannel coal, are embedded in it. These are no more numerous, however, 
than in the cokes derived from many ordinary bituminous coals. The 
cannel coal on heating fuses and, at first, swells somewhat but later shrinks 
in volume so that the resulting coke does not occupy the entire space of 
the original charge. 

Fig. 13 shows the coke obtained in testing a sample, taken from near 
the center of the channel-like deposit, in a Bureau of Mines oil-shale 
assay retort. The coal was crushed to pass a 4-mesh screen. It yielded 
at the rate of 49 gal. of oil per ton and had the following composition: 
Moisture, 1.26 per cent.; volatile tnatter, 44.49 per cent.; fixed carbon, 
34.28 per cent.; ash, 19.97 per cent. A sample from near the edge of the 
deposit, which contained 27.48 per cent, ash, showed only a slight tend- 
ency to coke. Inasmuch as the spent material from this sample con- 
tained 44.2 per cent, ash, the difference in behavior can be readily 
accounted for. 


* Associate Professor of Geology and Mineralogy, Carnegie Institute of Tech- 
nology. 
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I^octor Thiesseu has made microscoi>ic studies of the samples tested 
and has found that the Cannelton deposit, which occurs at the Upper 
Kittanning horizon, represents a typical spore cannel coal. Photo- 
micrographs of this coal are shown in previous publications by the writer.^ 
Another cannel coal that forms a hard dense coke was obtained from 
what is also probably the Upper Kittanning horizon in the country bank 
of G. W. Currie, 2 miles north of Nealeys, Butler County, Pa. It yields 



Fig. 13. — Coke from Cannelton, Pa., canjtbl coal. 


at the rate of 33 gal. of oil per ton and has the following composition: 
Moisture, 0.83 per cent., volatile matter, 38.94 per cent.; fixed carbon, 
49.14 per cent.; ash, 11.09 per cent. Doctor Thiessen classifies it as a 
humic type of cannel coal. Photomicrographs are shown in the publica- 
tions just referred to (PL IV, Fig. A; and Fig. 2, page 1169, respectively). 

The third sample of cannel coal that forms a hard porous coke came 
from a deposit at the Upper Kittanning horizon near the head of Crooked 
Run, 3 miles south of Savan in Indiana Coimty, Pa. It yields at the rate 

1 Oil Resources in Coals and Carbonaceous Shales of Pennsylvania. Pennsylvania 
Geol. Surv. (1923) PL II, Fig. C; Cannel Coal and Carbonaceous Shale Deposits of 
Pennsylvania. Trans. (1923) 69 , 1169, Fig. 1. 
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of 19 gal. of oil per ton and has the following composition : Moisture, 0.53 
per cent.; volatile matter, 27.64 per cent.; fixed carbon, 53.98 per cent.; 
ash, 17.85 per cent. The low percentage of volatile matter is 
undoubtedly due, in large part, to the fact that the deposit occurs in an 
area in which the coals have been subjected to a greater degree of meta- 
morphism. While the bituminous coals of Beaver and Butler counties 
contain from 55 to 63 per cent, of fixed carbon, computed on a pure coal 
basis, those of Indiana County contain from 63 to 79 per cent. Unfortu- 
nately, no microscopic studies have been made of specimens from 
this locality. 

Dunlap,® in carrying out carbonization tests on Missouri cannel coals 
has also found a wide range in their coking properties; out of four samples 
tested, only two gave coke of commercial value. According to this 
investigator, the Bunceton cannel coal from Cooper County, Mo., yields a 
very good coke. It is hard and the entire charge fuses together; the 
porosity is about the same as that of ordinary coke. The Stover cannel 
coal, from Morgan County, Mo., also yields a good coke, but it is high 
in sulfur. The Bunceton coal contains 8.16 per cent, ash and yields at 
the rate of 53.5 gal. of oil per ton; while the Stover coal contains only 
2.3 per cent, of ash and yields at the rate of 64.88 gal. of oil per ton. 
Microscopic studies of these coals to determine the type of cannel coal 
represented would be desirable. 

Some of the richer oil shales from the Green River formation of 
Colorado, examined by the writer, show a decided tendency to fuse when 
heated. The crushed shale, when carbonized in a closed retort, fuses 
completely and shrinks markedly in volume. The resultant mass clings 
tenaciously to the walls of the retort and is difficult to remove. This 
property will have to be taken into consideration in designing retorts to 
treat this particular type of shale. Other oil shales in the same formation, 
equally rich as far as yield of oil is concerned, show practically no tend- 
ency to fuse. Finley, Home, Gould, and Bauer® have also called atten- 
tion to this tendency of certain oil shales to coke. Of course, the term 
coking as applied to oil shales does not mean that a metallurgical coke is 
produced. There is, however, a certain resemblance in behavior between 
these oil shales and ordinary bituminous coking coals when they are 
undergoing carbonization. 

’Howard Leroy Dunlap: The Carbonization of Missouri Cannel Coals. Bull. 
Missouri School of Mines (1919) 6 , No. 1, 49. - 

• W. L. Finley, J. W. Horne, D. W. Gould, and A. D. Bauer: Assay Retort Studies 
of Ten Typical Oil-Shales. Reports of Investigations, Bureau of Mines, Ser. No. 
2603 (1924) 6. 
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Resolution of Coal by Oxidation 

By W. Francis* and R. V. Wheeler,! Sheffield, Engllnd 

(New York Meeting, February, 1925) 

Of the methods that have been used for studying the chemical 
composition of coal, attack by reagents has not, in general, yielded much 
information. Most of the reagents used have been strong oxidants 
such as nitric acid or Schulze^s solution. The use of a milder oxidizing 
agent, such as air at low temperatures, enables progressive changes in 
the character of the coal substance to be studied and thus helps toward 
an understanding of its constitution. 

British bituminous coals frequently have a banded structure. These 
bands (of four types) can be separated one from another and have been 
found to possess markedly different chemical characteristics, even when 
taken from contiguous portions of the same lump coal. It has been 
found convenient to give each of the ingredients of banded coal a distinc- 
tive name, more or less descriptive of its appearance, and the study 
of the chemistry of bituminous ^‘coaP^ in England has resolved itself 
into a study of each ingredient separately. 

The coal chosen for this work was taken from the Top Hard seam 
at East Kirkby colliery, Nottinghamshire, a detailed chemical analysis 
of which has been recorded by Baranov and Francis.^ The banded 
structure was well marked and the bands could readily be separated. 
The research was confined to the brilliant vitreous bands {vitrain), the 
dull hard bands (durain) and the ^'sooty partings^' (Jusain); for previous 
work had shown that the fourth type, to which the name darain has 
been given, is intermediate in character, chemically, between vitrain 
and durain. 

The method of experiment was, briefly, to draw a slow current of 
moist air through weighed samples (50 gm.) of the three ingredients, 
vitrain, durain, and fusain, in the form of powder (through a 60-mesh 
and on a 90-mesh sieve) contained in glass tubes which could be main- 
tained at a constant temperature during prolonged periods. After 
passing through the coal, the air bubbled into a measured volume of 


* Junior Assistant, Safety in Mines Research Board. 

t Professor of Fuel Technology, Sheffield University; Director of Research, 
Safety in Mines Research Board. 

» Fud in Sci, (fc prac, (1922) 1, 219. 
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cold distilled water to condense or dissolve any gaseous products of the 
oxidation. At stated intervals (usually 1 month) for each temperature 
employed, this water was examined and changed and a small fraction 
(5 gm.) of each coal was removed from the tubes for analysis. The 
temperatures used in the oxidation were 100® C., 150° C., and 200° C., 
and the total time allowed for oxidation at each temperature was 5 
months, 6 months, and 6 weeks respectively. 

Liquid and Gaseous Products 

The chief products identified were formaldehyde, methyl alcohol, 
and the lower fatty acids. During oxidation at 100° C., these were 
obtained in small quantities from all three ingredients; but at higher 
temperatures, the vitrain and durain produced only traces of formalde- 
hyde and acids and the fusain none at all. 

Changes in Composition 

Table 1 shows the progressive changes in weight as the oxidation 
proceeded. A loss in weight, which was most marked during the oxida- 
tions at 200° C., caused a corresponding increase in ash content. 


Table 1. — Changes in Weight as Result of Oxidation 


Change in Weight 


Ash Content 


Fusain, Durain, Vitrain, Fusain, i Durain, Vitrain, 

' Per Cent. Per Cent. Per Cent. ! Per Cent. ' Per Cent. ! Per Cent. 

i ' I , 


i 

Original 

! 

1 

- - — 

17.78 

4.05 

1.14 

lOO^’C. I 

0.66 

4 0.7 

-h 1.74 

17.57 

4.06 

1.37 

II.... 

- 1.0 

- 1.5 

- 0.2 

17.77 

3.95 

1.56 

Ill 

- 1.0 

- 0.58 

- 0.7 

17.80 

3.80 

1.78 

IV 

- 0.1 

+ 0.1 

nil 

17.96 

3.95 

1.76 

150° C. I 

~ 3.26 

- 4.59 

- 8.79 

1 17.98 

4.73 

2.22 

II 1 

- 4.4 

- 5.55 

- 7.3 

! 17.90 

4.86 

2.15 

III 1 

- 0.86 

- 3,0 

- 0.22 

18.25 

4.95 i 

2.17 

200° C. I 

-19.7 1 

-23.5 

-27.0 1 

21.4 

6.45 

2.85 

II 

- 7.0 1 

! 

- 7.4 

- 7.2 

21.51 

6.5 

2.8 


Proximate Analysis 

The volatile matter (see Table 2) calculated on an ash-free, dry basis, 
showed but small fluctuations during oxidation at 100° C., the net result 
being a slight gain with the fusain, a slight loss with the durain, and little 
change with the vitrain. On oxidation at 150° C., however, all showed a 
greatly increased content of volatile matter. This was greatest with 
the vitrain and the change was completed during the first period of 
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heating (2 months). With the durain and the fusain, the volatile matter 
increased more gradually and the change may not have been completed 
during the 6 months the experiment lasted. On oxidation at 200® C., 
the volatile matter of the vitrain showed a decrease. This fact, together 
with other observations discussed later, suggests that decomposition of 
the oxidized product had begun. Both the durain and fusain showed 
a slight increase in content of volatile matter. 


Table 2. — Proximate AnalysiSy Percentages on Ash-free Dry Coal 




' Volatile Matter, Ash-free Dry Coal 


Ulmins 




Fusain, 

Per Cent. 

Durain, ' 
Per Cent. 

Vitrain, 
Per Cent. 

Fusain, 
Per Cent 

Durain, 

Per Cent. 

Vitrain, 
Per Cent. 

Original 


19.84 

28.91 

30.74 

nil 

0 01 

0 02 

100° c. 

I... 

23 69 

, 26.55 

31.01 

1 2 

2.6 

11.17 


11... 

22.22 

25.60 

30 69 

1 8 

5.58 

11.25 


III... 

20 98 

27.08 

31.16 

1 7 

6.60 

11.30 


IV... 

. 20.78 

27.04 

31.06 

2 2 

6 52 

11.20 

150° C. 

I... 

. 25 9 

31.8 

40 75 

14 25 

36.1 

93.5 


II... 

. 25.9 

32.1 ! 

40 4 

19.5 

43 5 

97.0 


III... 

27.1 

32.2 

40 5 

24 0 

46 0 

95.5 

200° C. 

I... 

. 29.8 

37.8 

38 5 

20 5 

64.0 

70.0 


11 ... 

31 2 

37.1 

39 0 

22 0 

65 0 

75.0 


These results can be explained by the determinations of the amount 
of ulmins (compounds soluble in caustic alkalies) present. After oxida- 
tion at 150° C., the coals contained large quantities of ulmins and their 
properties then became largely those of the ulmins they contained. 
The volatile matter of the ulmins is high (about 41 per cent.) and the 
volatile matter of the coals oxidized at 150® C. approached this figure as 
their ulmin contents approached 100 per cent.; while during oxidation 
at 200® C. there is evidence of decomposition. The coking properties 
of the vitrain were completely destroyed after 2 months oxidation at 
100® C. Neither the durain nor the fusain formed a coherent coke 
either before or after oxidation. 

Table 3 shows the effect of oxidation on the behavior of solvents 
toward the coal. The nomenclature proposed by Stopes and Wheeler 
has been used, in which the terms alpha, beta and gamma compounds 
are used, respectively, for the portions of coal insoluble in pyridine, 
soluble in pyridine but insoluble in chloroform, and soluble in both 
pyridine and chloroform. It should be noted, however, that the charac- 
ter of these fractions is not necessarily the same for both the unoxidized 
and the oxidized coals. 
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Table 3. — Solubility in Pyridine and Chloroform 



Fusain 

Durain 

Vitrain 

A^ha, 

Per 

Cent. 

Beta, 

Per 

Cent. 

Gamma, 

Per 

Cent. 

A^ha, 

Per 

Cent. 

Beta, 

Per 

Cent. 

Gamma, 

Per 

Cent. 

A^ba, 

Per 

Cent. 

Beta, 

Per 

Cent. 

Gamma, 

Per 

Cent. 

Original 

95.2 

3.4 

1.4 

90.5 

6.8 

2.7 

79.7 

14.6 

5.7 

100® C. I 

95.2 

3.35 

1.45 

90.0 

7.05 

2.95 

85.6 

10.4 

4.0 

II 

96.54 

? 

7 

90.0 

? 

? 

85.4 

11.0 

3.6 

, III 

95.0 

3.5 

1.5 

87.9 

9.2 

2.9 

87.6 

9.6 

2.8 

IV 

94.15 

4.45 

1.40 

87.6 

9.4 

i 3.0 

87.6 

9.9 

2.5 

150® C. I 

94.5 

5.5 

Trace 

87.4 

12.1 

, 0.5 

75.95 

23.2 

0.85 

II . 

82 

18 

Trace 

80 3 

19,7 

Trace 

57.7 

42.3 

Trace 

Ill 

80 

! 20 

nil 

' 77.0 

23 

ml 

55 

1 45.0 

nil 

200® C. I . 

89 

, 11 

1 ml 

j 78.0 

22 

ml 

72 

i 28 

nil 

II . . 

85 

' 13 

! nil 

i 76 

24 

nil 

70 

^ 30 

nil 


As with the contents of volatile matter, the differences due to oxida- 
tion at 100° C. were small. A fact that the figures do not show is that 
the beta compounds of the oxidized coal were largely ulminified. There 
was a tendency for the gamma compounds of the vitrain to lose their 
solubility in chloroform on oxidation even at 100° C., while after oxida- 
tion at 150° C. this solvent extracted very little, if anything. Similarly, 
with the durain and the fusain, no gamma compounds were present 
after oxidation at 150° C. 

With all the coals, there was a marked increase in solubility in pyri- 
dine, up to a maximum of 45 per cent, observed with the vitrain 
(coincident with the maximum formation of ulmins). 


Ultimate Analysis 

The vitrain, durain, and fusain from the original Top Hard coal 
showed the same gradations in ultimate analysis as were found by Tides- 

Table 4. — Ultimate Analyses, Percentages on Ash-free Dry Coal 


Fusain 


Durain 


Vitrain 



Carbon, 

Per 

Cent. 

Hydro- 

Cent. 

Oxygen, 

etc., 

Per 

Cent. 

Carbon, 

Per 

Cent. 

Hydro- 

gen, 

Per 

Cent. 

Oxygen, 

etc.. 

Per 

Cent. 

Carbon, 

Per 

Cent. 

Hydro- 

gen, 

Per 

Cent. 

Oxygen, 

etc., 

Per 

Cent. 

Original 

85.95 

3.86 

10.19 

81.75 

4.83 

13.42 

79.71 

5.17 

15.12 

100®C I... 

83.13 

3.51 

13.36 

77.62 

3.89 

18.59 

74.3 

4.16 

21.64 

II... 

81.32 

3.25 

15.43 

76.13 

3.70 

20.17 

72.19 

3.95 

23.86 

III... 

81.08 

3.30 

15.62 

76.08 

3.67 

20.25 • 

71.90 

3.79 

24.31 

IV... 

81.08 

3.29 

15.63 

76.47 

3.71 

19.82 

72.08 

3.86 

24.06 

150® C. I. .. 

77.86 

2.45 

19.69 

71.94 

2.55 i 

25.51 

66.45 

2.69 

30.86 

II , 

73.9 

2.31 

23.79 

68.9 

2.61 

28.49 1 

64.73 

2.50 

32.77 

200® C. I... 

72.8 

1.8 

25.4 

69.8 

1.8 

28.4 

65.8 

2.0 

32.2 

II... 

71.3 

1.6 

27.1 

70.0 

1.76 

28.24 

65.6 

2.01 

32.39 
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well and Wheeler® for Hamstead coal. During oxidation of the Top 
Hard coal, there was a progressive loss of carbon and hydrogen and an 
increase of oxygen. The amount of oxygen reached a maximum with 
the vitrain at 150° C., when the coal substance had been completely 
converted into ulmins. When decomposition of the ulmins by heat 
began (at 200° C.), the oxygen content was slightly decreased owing to 
the elimination of carbon dioxide. Analyses of the durain and fusain 
gradually approached that of the vitrain but never quite reached it, 
because of the presence of some portions of the coal conglomerate that were 
difficult or impossible to oxidize. 

The analyses of the ulmins produced from all portions of this seam of 
coal were similar. This fact, together with the similarity of the analyses 
of the gases produced on their destructive distillation (see later), indicates 
that the ulmins produced by oxidation of all parts of the same seam of 
coal have the same composition. The analyses of these ulmins averaged: 
Carbon, 64.5 per cent.; hydrogen, 2.8 per cent.; oxygen, etc., 32.7 per 
cent, and they contained 41.5 per cent, of volatile matter. They were 
completely soluble in ammonia and in solutions of potassium and sodium 
hydroxide, and potassium and sodium carbonate; while pyridine dis- 
solved about 51 per cent. They were insoluble in chloroform. 


Table 5. — Percentages of Nitrogen and Sulfur 


Fusain. 

[ 1 

j Durain, . Vitrain, 

Per Cent. 

Per Cent, j Per Cent. 


Nitrogen: 


Before oxidation 

1.29 

1.65 

1.68 

After oxidation 

Sulfur: 

1.3 

1.91 

2 28 

Before oxidation 

0.53 

0 64 

1.3 

After oxidation .... 

0.66 

0.42 

! 

1.06 

Sulfate Sulfur: 

! 

Before oxidation 

nil 

nil 

nil 

After oxidation 

0.26 1 

j i 

0.18 

0.18 


In the figures for the percentages of oxygen, the nitrogen and sulfur 
present in the coals are included. During the oxidations no nitrogen 
was lost, but the nitrogen-containing nucleus survived and appeared 
in the ulmins. The percentage of nitrogen in the oxidized coals was 
increased proportionally with their loss in weight. The sulfur in the 
original coal existed partly in inorganic form. During oxidation, a 
portion of this was evolved as sulfur dioxide and a portion changed 
from sulfide to sulfate. As a portion of the sulfur (organic) remained 
in the ulmins produced, it may be concluded that sulfur is also a con- 


* Trans, Chem. Soc. (1919) 116, 619. 
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stituent of this nucleus, though the quantity present is less than that of 
the nitrogen; see Table 5. 

Oxidation by Hydrogen Peroxide 

Ulmins may be produced from coal more quickly by chemical oxi- 
dizing agents than by atmospheric oxidation. The simplest and quickest 
oxidizing agent was found to be a solution of hydrogen peroxide. This 
has been used with a number of coals, usually in alkaline solution so as to 
obtain the ulmins in solution. Anthracites are not appreciably oxidized 
by hydrogen peroxide but lower grade coals soon become soluble in 
alkalies and the soluble portions continue to be oxidized until a limiting 
composition is reached agreeing closely with that of the ulmins formed on 
atmospheric oxidation. The upper limit of composition for ulmin com- 
pounds soluble in alkalies has been found to be about 70 per cent, carbon 
and 4.2 per cent, hydrogen and the lower limit about 62 per cent, carbon 
and 2.8 per cent, hydrogen. Below this limit of composition, the 
sodium salt of the ulmins could not be oxidized but the free acid was 
readily decomposed apd during the decomposition the nitrogen contained 
in the compounds was evolved quantitatively as ammonia. 

Destructive Distillation 

An examination of the gaseous products of destructive distillation 
confirmed the resemblance between the ulmins produced from the 
vitrain and durain of the same coal. With both, decomposition began 
at as low a temperature as 150° C. and the gases evolved consisted entirely 
of oxides of carbon in the ratio CO>:CO of about 12:1. This ratio 
decreased as the temperature of decomposition was increased. No other 
gaseous products of importance were evolved below 450° C. when 
methane and hydrogen made their appearance. The chief results are 
recorded in Tables 6 and 7 and in Figs. 1 and 2. 

A comparison of these results^ with those for unoxidized vitrain on 
the one hand and dopplerite on the other reveals that the groupings in 
these two substances, from which unsaturated hydrocarbons (and some 
methane and hydrogen) are evolved, are absent in the ulmins from oxi- 
dized coal, which suggests that oxidation had caused a progressive split- 
ting off of external groupings leaving a nucleus. This nucleus appears 
to be of the same character in dopplerite, vitrain, and the amorphous 
portions of durain, clarain, and fusain, and the first stage in the pro- 
gressive oxidation of coal is a change from insoluble into soluble ulmins 
by a modification of the external groupings. 

Oxidation of the nucleus, which contains both nitrogen and sulfur, is 
both rapid and complete when hydrogen peroxide is used, and the only 


» Trans, Chem. Soc. (1922) 121 , 2345. 
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Table 6. — Principal Gases Evolved on Destructive Distillation; Cubic 
Centimeters per Gram of Ash-free Dry Substance 



Vitrain Ulmin 

Temperature, Degrees C. 

160 

210 

260 

310 

360 

410 

460 

520 

580 

Carbon dioxide ! 

9.61 

11.41 

19.3 

17 82 

15.06 

13.95 

12.39 

12.28 

8.48 

Carbon monoxide 

0.74 

0.99 

0.98 

0.91 

1.14 

1.34 

1.60 

3.23 

3.89 

Hydrogen 

nil 

nil 

nil 

nil 

nil 

nil 

0.12 

0.95 

2.40 

Methane 

nil 

nil 

nil 

nil 

nil 

nil 

0.44 

2.84 ' 

6.02 

« X. COj 










Ratio CO 

12.93 

11 52 

19 7 

19.7 

13.14 

10.4 

7.75 

3.8 

2.18 


Analysis carbonized residue: Carbon, 80.6 per cent.; hydrogen, 3.4 per cent.; oxygen, etc., 16.0 
per cent. 


Table 7. — Principal Gases Evolved on Destructive Distillation; Cubic 
Centimeters per Gram of Ash-free Dry Substance 


Durain Ulmin 


Temperature, Degrees C. , 170 

Carbon dioxide 7.82 

Carbon monoxide ... 0.58 

Hydrogen nil 

Methane nil 

Ratio 13.24 


220 

270 

310 

370 

8.19 

13.93 

15 39 

18 55 

0 62 

0.80 

0.87 

1.52 

nil 

ml 

ml 

nil 

ml 

nil 

ml 

nil 

13.4 

17 46 

17.7 

12.21 


410 

470 

520 

1 580 

i 

13.26 

15.11 

13.06 

9.72 

1.35 

2.15 

2.76 

3.71 

ml 

O.OS 

0.60 

1.43 

nil 

0.81 

2.16 

5.60 

9.82 

7.02 

4.71 

2 61 


Analysis of carbonized residue: Carbon, 83.3 per cent.; hydrogen, 3.2 per cent.; oxygen, etc., 16.0 
per cent. 
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products SO far isolated are monobasic and dibasic fatty acidS; oxides of 
carboD; ammonia, and water. It is hoped, in future work, suitably to 
moderate oxidation of the nucleus so as to be able to isolate inter- 
mediate compounds. 

Presence of Plant Debris 

The treatment of coal with hydrogen peroxide has made possible a 
close study of those parts that do not become transformed into soluble 
ulmins. Microscopical examination has revealed that the residue con- 
sists of plant debris. In the residue from a fusain, wood tracheids have 



Fig. 3. — Wood tracheid from fusain. Fig. 4. — Parenchymatous tissue from 
X 140. DURAIN. X 140. 


always predominated (Fig. 3). The debris from the clarains and durains 
examined have differed but little from one another in general character. 
They are transparent and show a variety of recognizable structures, 
varying in color from deep red to pale amber, while some fragments 
are green as though the chlorophyl has been preserved. Spore exines 
and portions of epidermis are of frequent occurrence and fragments of 
soft-walled tissue are sometimes to be found. The surface views of the 
parenchymatous tissue isolated exhibit polygonal cell outlines, showing 
that the fragments are of epidermis of leaves or young stems. Many 
fragments of such tissues show the stomata in surface view (see Figs. 
4, 5, 6, and 7) and are colored pale yellow and brown. Some thickened 
tissues are also present, of deep mahogany color, presumably the remains 
of the periderm. Microspore exines are numerous and their size and 
ornamentation varies considerably. The characteristic triradiate mark- 
ing is often observable while a few of the spore exines have well developed 
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‘‘wings characteristic of the microspores of Spencerites. The megaspore 
exines are usually broken into small fragments, because of the grinding 



Fig, 5. — Same specimen as in Fig. 4. Fig. 6. — Parenchymatous tissue from 
X 280. durain. X 140, 


the coals receive before their treatment with hydrogen peroxide but a 
few complete exines have been separated. These are almost spherical 



Fig. 7, — Same specimen as in Fig, 6, Fig. [8. — Spore exine from durain. 
X 280. X 30. 


bodies, dark brown in color, exhibiting triradiate marking and some- 
times having hairs attached, as in some species of Lejndostrdbus (Fig. 8), 
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In one coal examined (the Hamstead), the debris obtained after 
treatment with hydrogen peroxide contained minute amber-colored 
rods apparently containing no cell structure. Some of this debris was 
extracted with chloroform, which yielded a semi-solid brown mass 
having an analysis: carbon 80.3 per cent, and hydrogen 10.4 per cent. 
The rods thus appear to be resin and to be analogous to the resin rods 
observed by White in American coals. 

Summary 

The present work shows that alkali-soluble ulmins can be regenerated 
from a bituminous coal by mild oxidation. If the coal is a vitrain, it 
consists almost solely of ulmins; the transformation of insoluble to soluble 
ulmins in a clarain, a durain, or a fusain leaves residues characteristic 
of each of these ingredients, which are essentially the original plant 
entities that were particularly resistant to, or were preserved from, the 
process of decay’’ that constituted the early stages of coal formation, 
and are, apparently, but little altered. 

Bituminous coal, then, consists of insoluble ulmins in which are 
dispersed the morphologically organized plant tissues that have 
escaped ulmification. 

DISCUSSION 

Edward C. Jeffrey,* Cambridge, Mass. — Two or three years ago 
the president of the Chemical Society said that it was possible to treat 
almost any bituminous coal in such a way that it would coke; can anybody 
throw some light on that statement? 

S. W. PARR,t Urbana, 111. — On the border line, perhaps, are the Illi- 
nois coals, which are non-coking. I am quite sure they can be made 
to coke. 

E. S. SiNKiNSON, Bethlehem, Pa. — Do the terms “durain,” “clarain,” 
and “vitrain” give any clearer understanding of the subdivisions of 
coal than do dull, bright, or glance? Are the captions of Figs. 4, 5, and 6 
correct? They look like epidermis. In discussions on the composition 
of coal why are the nitrogenous contents so much neglected, when they 
are relatively so important? 

Reinhardt Thiessen,J Pittsburgh, Pa. — Nitrogen in the coal is 
considered in my paper. Proteins are easily decomposed and their 
nitrogen is changed to ammonia, which escapes; but in the compounds 
I mentioned, the nitrogen forms part of a ring that is not broken up 
during decay. 

* Professor of Botany, Harvard University, 
t Professor of Applied Chemistry, University of Illinois, 

J Research Chemist, Bureau of Mines, 
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David White,* Washington, D. C. — A point in this paper that is 
specially interesting to me is the observation of the progressive increase in 
capacity for regeneration according to the amount of woody material in 
the coal, the reaction of the fusain ("'mineral charcoal”) being least, that 
of durain being intermediate, while in the bright stripes largely composed 
of ulmified wood it is very much greater. The ulmic matter, which forms 
the groundmass of the coal and is present in all coals, and is largely 
derived from carbohydrate or lignocellulosic material, is relatively more 
abundant in durain than in fusain, and is perhaps most abundant — at 
least in effect — in the so-called vitrain. In the woody material — assum- 
ing vitrain is woody, though it is so glassy, so completely impregnated, 
so homogeneously ulmified, as to be reluctant to reveal its woody struc- 
ture — we have not only the carbohydrate derivative of the binder, but 
the carbohydrate derivative or transformed carbohydrates of the unde- 
composed woods. The latter have, of course, long since been chemically 
transformed beyond the celluloses or other carbohydrates as we now 
recognize them. It would appear either that the ulmic matter which so 
copiously impregnates and envelopes the woody tissue is more easily 
oxidized, or that the transformed carbohydrates of the wood itself so 
approach in chemical composition the ulmic matter as to play a similar 
role in the oxidizing process. On the whole, may we not infer that the 
capacity of these coals to oxidize, with the regeneration of ulmic matter, 
varies with the amount of ulmified wood as well as of ulmic binder in the 
coals of a given rank? 

Edward S. Jeffrey. — Some years ago, a memoir on lignites was 
published from my laboratory, where the nuclei were shown. The 
situation would compare somewhat with Doctor Thiessen^s remark in 
regard to the Connellsville coal; the spores were there. 


Senior Geologist, U. S. Geological Survey. 
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The Constitution of Coal 

By F. V. Tideswell* and R. V. Wheeler f Sheffield, England 

(New York Meeting, February, 1925) 

Coal being essentially a complex conglomerate of plant remains 
that have undergone decay and interaction in varying degree, it is under- 
standable that attack on the problem of its chemical constitution by 
normal chemical methods should have been attended by but slight 
success. The obvious method of fractionation by means of selective 
solvents has yielded a few results of some value. Thus it is known that 
from many, if not all, bituminous coals organic solvents extract small 
percentages of oxygenated compounds, which are generally assumed 
to have been derived from the original plant resins, though a more 
probable source would appear to be the glycerides and waxes of the 
plants. Organic solvents also extract small proportions of hydrocarbons, 
the origin of which is doubtful. Of more importance is the action of 
such pseudo solvents as pyridine, which, in addition to their specific 
solvent action, have the power of resolving and simplifying a portion of 
the coal substance in a manner analogous to that by which water can 
disperse a hydrogel. Early work with pyridine indicated that coals 
are composed of two main classes of compounds: the one soluble in organic 
solvents, the other capable of being partly dispersed in pyridine. Recent 
work has shown that the dispersion is colloidal in character and that it 
may be accomplished by the use of solvents less active than pyridine, 
such as benzene or chloroform, provided that the temperature of extrac- 
tion is raised or the coal has been suitably preheated. 

The action of reagents on coal has proved of little value in the past, 
but some insight into the constitution of coal has been given by regulated 
destructive distillation. Thus, it has been shown that coals behave on 
distillation as though composed of two main classes of compounds: the 
one readily decomposable at moderate temperatures (yielding mainly 
the paraflins), the other undergoing a preliminary early decomposition 
(with evolution of oxides of carbon and water) and yielding a residue that 
at higher temperatures breaks down, yielding much hydrogen. 

* Senior Assistant, Safety in Mines Research Board. 

t Professor of Fuel Technology, Sheffield University, and Director of Research, 
Safety in Mines Research Board. 
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In view of the diversity of materials that enter into the composition 
of the coal conglomerate, success in determining the constitution of coal 
cannot be expected unless the character of each type of material is con- 
sidered alone and until the extent of the contribution of each to the 
coal substance is known. A comprehensive scheme of coal research 
should, therefore, comprise a study of each individual plant entity or 
degradation product thereof that occurs in coal. This, broadly, is the 
basis on which investigations into the constitution of coal are proceeding 
in England under the Safety in Mines Research Board and in the Depart- 
ment of Fuel Technology of Sheffield University. Different programs 
of research deal with the contributions to coal of cellular tissue, of imor- 
ganized or amorphous material, such as the ulmins and the resins, and 
of structured materials such as cuticles and spore exines. Usually a 
preliminary inquiry into the chemistry of corresponding modem sub- 
stances has proved necessary. For example, an investigation into the 
character of a peat ulmin (dopplerite) has shown a marked relationship 
between this and an amorphous portion of banded bituminous coal. 
Work designed to extend our knowledge of the constitution of the 
modern ulmins is now proceeding, together with an investigation of 
synthetic ulmins from various sources. 

The natural ulmins, the brown amorphous products of plant decay, 
first attracted the attention of chemists on their extraction from the 
rotted wood of an elm tree^ by alkaline solutions from which they were 
precipitated by acids as brown flocks. The solubility in alkalies and 
reprecipitation in an amorphous form on acidification were long used 
as the sole criteria of what constituted an ‘‘ulmin, but there is now 
considerable evidence that similar substances, insoluble in alkaline solu- 
tions, can with advantage be referred to under the same general name. 

Ulmins are found in any substance derived from vegetable matter 
that has undergone moldering decay; for instance in soils, peats, and to a 
less extent in lignites and coals. The ultimate composition of all such 
ulmins is similar, ranging from 50 to 60 per cent, carbon, 4.5 to 6.0 
per cent, hydrogen, 0.5 to 2.0 per cent, nitrogen, and 30 to 40 per cent, 
oxygen. Substances of similar type, but of somewhat different composi- 
tion, have been obtained by the action of reagents on vegetable matter 
and by the treatment of such materials as sugars and derivatives of 
furan and phenol with boiling dilute acids. Other artificial ulmins are 
produced by the oxidation of lignin in the presence of alkalies, and by 
the condensation of sugars (and carbohydrates in general) with simple or 
complex amino acids. These reactions are of interest mainly because 
they suggest the manner of formation of natural ulmins. 

1 Thomson (1807) named them ulmins because of their original association with 
the elm (Latin ulmtis), 

VOL. LXXX. 12 
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The exact constitution of the ulmins is, at present, unknown. They 
appear to possess an acidic character, but the source of the acid function, 
whether phenolic or carboxylic, is undecided. The natural ulmins 
appear to be related, in structure, to the lignin and cellulose of the 
cellular tissues of the plants from which they were formed, for alcoholic 
hydroxyl groups are present in large proportions, while methoxyl groups 
are also found. Fischer and Schrader^ consider the lignin alone to have 
provided ulmins when the plants decayed, while Marcusson^ thinks the 
cellulose was chiefly responsible. From our own examination of peat 
ulmins, we are disinclined to argue, with either Fischer and Schrader or 
Marcusson, their formation from one class of original plant substances 
to the exclusion of another class, or to argue the survival in them of the 
lignin complex to the exclusion of the cellulose, or vice versa. We have 
observed some evidence of a carboxylic acid function in peat ulmins, 
while the hydroxyl content appears to be almost 30 per cent, of the whole. 
Destructive distillation discloses resemblances with both lignin and 
cellulose, while the nitrogen present appears to be very firmly linked. 
We conclude that the peat ulmins, considered to have been derived from 
degraded celluloses, lignocellulose and proteins (condensed together with 
partial dehydration as with the amino-ulmins of Maillard) still preserve 
the original lignin and cellulose groupings, together with new ringed 
structures containing oxygen and nitrogen. The formation of ulmins in 
nature appears to have been due to chemical rather than bacterial 
action, and of the various suggested chemical reactions that between 
carbohydrates and amino-compounds (probably following their libera- 
tion by bacterial action) seems the most likely. 

The extent of the contribution of the ulmins to coal has occasioned 
much debate. Without reverting to the extreme conception of the 
“fundamental jelly” of Fremy, we consider as the result of recent work 
that many, if not most, British coals consist largely of ulmic material. 
This view is not inconsistent with the presence of the wealth of plant 
materials that are visible in transparent sections of most coals. Despite 
their number, the contribution of these by weight is not necessarily large. 

It is of interest to trace the changes that we may suppose have taken 
place during the aging of a deposit of plant remains. The original 
material may be compared with peats of various ages (as representing a 
conveniently studied form of partly degraded plant debris) and with 
coals. The various plant entities and residues that have contributed to 
the formation of the organic substance of coal can conveniently be 
grouped according as they are: 

1. Resistant to decay: Among the more important members of this 
group are: (a) Spore exines and cuticular tissues; and (6) resins. 

* Brennstoff Chem, ( 1921 ) 2, 23 . 

• Ztachr, f, angew, Chem. ( 1923 ) 36, 42 . 
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2. Subject to decay: The members of this group are either: (a) 
Organized, such as cellulosic and lignified tissues; or (6) amorphous, the 
contents of plant cells. 

3. The products of decay: The ulmins. 

An accumulation of plant remains immediately after deposition con- 
sists mainly of the first two groups, but in an older deposit, such as a 
peat bed, certain changes have taken place. The members of group 1 
are still present in an apparently unaltered form. The cellulose and 
lignin of the group 2, however, have suffered decay, undergoing such 
minor alterations as dehydration produces, or becoming ulmified (prob- 
ably in conjunction with certain of the cell contents), or disappearing 
altogether. According to Fischer and Schrader,^ the lignin alone survives 
in any form, the cellulose of necessity vanishing (being converted into 
liquid and gaseous products through the agency of bacteria), but we 
cannot regard this view as either proved or probable and consider that 
ulmins can be produced from any plant material of carbohydrate type. 
Judging from the nature of peat, ulmification is the main chemical process 
during the decay of plants and it proceeds further the older the deposit. 
Thus, while a young peat may yield only 10 or 20 per cent, of material 
soluble in alkalies, from an older peat as much as 70 or 80 per cent, can 
be extracted. 

In a deposit of the age of coal, it cannot be expected that the materials 
of any of the three groups will remain unaltered. Spore exines and cuti- 
cular tissues may not be much changed, nor need the resins, but the 
cellulose that is not totally destroyed will in large part be converted, 
together with the more resistant lignin and part of the cell-contents, 
into the amorphous ulmins of group 3 (or products derived from them). 
There will also be material corresponding with group 2 (a), consisting of 
altered (but apparently not ulmified) woody tissues, such as compose 
many lignites and are recognizable in many bituminous coals. We have 
at present no knowledge as to what becomes of the non-ulmified portions 
of the cell contents. As they finally appear in the coal, cell-wall struc- 
tures, group 2 (a), may not differ much chemically from the amorphous 
ulmins, but the materials of group 1 differ markedly. 

Our knowledge of coal does not allow of these anticipations being 
thoroughly tested. We are, for example, only beginning to obtain 
evidence of the chemical relationships between the apparently well- 
preserved spore exines and cuticles of coal and those of the original 
plants. As regards the resins, it has been shown by White® that these can 
persist apparently unchanged in coals up to bituminous rank, but that 
in the older coals they show signs of having suffered alteration. It is 
possible, however, that resins persist without material alteration through- 

^Loc, cit, 

6 U. S. Geol. Surv. Prof. Paper 85 (1914). 
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out the mass of many of the older bituminous coals, for there are occa- 
sional inclusions of undoubted resins that can readily be separated 
from them. 

When we consider the contribution to coal of the alkali-soluble 
amorphous material that forms so large a part of recent deposits, such 
as peat, a decided difference is at once apparent. The proportion of 
material soluble in alkaline solutions progressively decreases in the older 
deposits, imtil from the higher rank bituminous coals and the anthracites 
little or none can be obtained. Although it has been suggested that the 
absence of soluble ulmins in the older fuels is due to the fact that their 
mode of formation was different from that of peat, it can be more simply 
accounted for by assuming a change in the character of the ulmins, 
through condensation, dehydration, and loss of carboxyl, resulting in 
their losing their ‘'characteristic” solubility in alkaline solutions. This 
suggestion implies that the amorphous cementing material for the 
numerous plant structures in coal was originally a soluble ulmin, corre- 
sponding to the ulmins that surround and permeate the plant structures 
in peat. Moreover, its amount should be comparable with that of the 
soluble ulmins in the older peats. 

Chemical evidence of this relationship is not difficult to find. Fischer 
and his co-workers have been able to demonstrate to some extent the 
presence of the same groupings and structures in peat ulmins, brown 
coals, and bituminous coals, and we have found that a close relationship 
in chemical structure exists between the peat ulmins and a characteristic 
amorphous portion (vitrain) of bituminous coal, and between the latter 
and the general ground mass of all portions of bituminous coal. Further 
evidence of the ulmic nature of much of the coal substance may be found 
in the “resolution” of coal by prolonged oxidation into soluble “ulmins” 
(oxidized ulmins) and plant entities in the manner described by Francis 
and Wheeler.® 

Our comparison between peat and coal has concentrated on two 
substances that show remarkable physical resemblances; viz. dopplerite, 
from peat, and vitrain from banded bituminous coal. Dopplerite is 
essentially a homogeneous black jelly, of infrequent occurrence, found in 
layers at varying depths below the surface of peat bogs. Usually 
entirely free from plant structure, it sometimes exhibits a faint network 
of, apparently, cellular structure. From its composition, solubility in 
alkalis and general chemical behavior it must be regarded as an almost 
pure form of peat ulmin. To the majority of those who have studied it, 
its mode of occurrence has suggested that it was formed as a liquid or 
plastic mass. Several suggestions may be advanced to accoimt for this 
especial and peculiar occurrence of a peat ulmin: (1) Chance precipita- 


• Eesolution of Coal by Oxidation; see p. 165, 
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tion (e. Q., by a solution of iron sulfate) of nlming dissolved in alkaline 
solutions produced by the disintegration of rooks; (2) the formation of 
ulmins directly from solutions of amino-acids and carbohydrates pro- 
duced by bacterial action from the accumulated vegetable matter, giving 
first water-soluble and then water-insoluble ulmins; mid (3) interaction 
of the cdlular tissue and the nitrogenous contents of the plant cells 
tn situ (probably in general after partial decay) resulting when not quite 
complete in the network of cellular structure filled with jelly that is 
sometimes to be observed in dopplerite.^ 

The similarity of form and occurrence of dopplerite and vitrain will 
be evident. Chemically, the two substances also show certain similari- 
ties, with just those differences that would be expected from their differ- 
ent geol<^cal ages. The similarities appear in their products of destruc- 
tive distillation. The tars from an Irish dopplerite and a Hamstead 
(Warwickshire) vitrain are of the same type, and the gaseous products, 
apart from a large and characteristic evolution of carbon dioxide from 
the younger ulmin, are almost identical, at all temperatures of distillation. 
The marked evolution of carbon dioxide (together with a large propor- 
tion of water) from the dopplerite indicates the presence in the molecule 
of carboxyl and hydroxyl groups that are easily split off and the differ- 
ences in composition between the dopplerite and the vitrain can be 
accounted for entirely by the splitting off of these external groupings. 
Concomitant with the loss of these oxygenated groupings, we ^ould 
expect to find a loss of solubility in alkaline solutions, but an increase 
in solubility in organic solvents, as the residue approximates more and 
more closely to a hydrocarbon structiure. This is in fact observed. 

We therefore consider that there are ample grounds for the conclusion 
that vitrain is similar to, though not identical with, dopplerite, and that 
it represents a more advanced stage in the process that has formed dop- 
plerite from the decaying vegetation. 

The proof of the close analogy between peat and coal, supported by 
the relationship found between dopplerite and vitrain, is completed by a 
demonstration of the identity of the amorphous material encrusting the 
plant structures in coal with that essentially free from plant entities, as 
in vitrain. 

The four ingredients of banded bituminous coal — ^vitrain, clarain, 
durain, and fusain — show marked differences under the microscope. 
Vitrain is transparent and essentially free from plant structures;* 

^ Winter: Glvckauf (1922) 58, 1533. 

* Though free from such structures as spore 'exines and cuticles many apparent 
vitrains show the forms of isolated or even generally distributed cellular tissues. 
These vitrains can be regarded as impure or incomplete. They were perhaps formed 
in aitn from woody tissue that had not been entirely uhnified. 
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claram shows numerous and varied structures in a transparent matrix; 
durain, a large variety of structures in an opaque granular matrix; and 
fusain consists almost entirely of blackened and thickened cellular tissues. 

We have been able to trace a marked relationship chemically between 
these four ingredients, and puiacularly between vitrain, clarain, and 
durain, displaying itself in a r^ular gradation in their composition, in 
their susceptibility to the action of solvents and reagents, and in their 
response to heat treatment. Thus, the gaseous products of distillation 
were substantially identical in composition and varied in the same man- 
ner with the temperature of distillation, though the quantities obtained 
decreased in the vitrain, clarain, and durain in the ratio 1.0 :0.9 :0.7. 
The same ratio applied to the general “reactivity” of the banded ingre- 
dients of the coal. The explanation of this relationship lies in the fact 
that the ingredients are compounded of two distinct types of substances, 
the one “reactive,” the otW relatively “inert.” 

The “reactive” material appears to be of a similar nature in each 
ingredient, so that with the recognition of the essentially uhnic origin 
of the vitrain, the bulk of it can be considered as “reactive” and it 
follows that the “reactive” material of the remainder of the coal is also 
composed of altered (aged) ulmins, which must thus be present to the 
extent of 90 and 70 per cent., respectively, in the clarain and durain of 
the Hamstead coal. There seems no reason to doubt the presence in 
the Hamstead coal (and, by inference, in other bituminous coals) of 
altered ulmins to this large extent, in complete analogy with the presence 
of soluble ulmins in peat. 

The question then remains as to the function in coal of the organized 
plant remains that form an apparently considerable part of clarain and 
durain. There are grounds (from a comparison of woody lignites with 
dopplerites) for the belief that certain of the plant structures, in particu- 
lar the cellular tissues, may exist in coal in a form similar chemically to 
the ulmins. Otherwise, the plant entities must constitute what we have 
tamed the “inert” material of coal. 

DISCUSSION 

David White, Washington, D. C. — The idea foreshadowed in the 
two preceding papers that vitrain is essentially ulmic or humic matter 
is here more clearly expressed. The plant structures present in it, 
and which appear as accidental or shadowy residues are, I believe, 
lai^y of a common composition as well as origin with the ulmic decom- 
position matter, both being of carbohydrate oripn. 

A. C. Fibldneb, Pittsbui^, Pa.~^paration by hand of the bright 
and dull coal bands of several individual samples of banded coal, and 
chemical analysis and coking tests of these portions have shown rather 
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minor differences in chemical composition. It may be tiiat, in American 
coals, the differences between bri^t and dull bands, or clarain and 
durain, are not so marked as in the English coals. From the simflarity 
of the chemical analjrses, one is led to believe that the greater percentage 
of the ground mass in both bright and dull coal is of similar composition— 
that is, a product of ulmic matter. 

The principal difference between clarain and durain, or bright and 
dull coal, is in the coking properties. Typical bright coal, or anthraxylon, 
fuses completely, but durain, or attritus, does not fuse. Doctor Jeffrey’s 
work suggests following through the transformation of wood into coal 
with a view to determining the particular stage at which the woody 
disintegration product takes on itself the properties of fusing and becom- 
ing plastic, as in coking coal. 
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Organic Sulfur Compounds in Coal 

Bt J. JoUiT* and R. V. WHBBLBBit ShBFFISIiD, Emolano 
(New York Meetinc, February, 1925) 

This short note on the probable character of the organic sulfur 
compounds in coal can do no more than indicate lines of research. We 
have no new experimental work to describe, nothing comparable in value 
with the careful studies of American coals by Powell and Parr^ and 
Yancey and Frazer.* A study of the manner in which sulfur compounds 
exist in British coals (and their behavior on heat treatment) is rendered 
increasingly necessary by the fact that the British reserves of good coking 
coals of reasonably low sulfur content are fast being depleted. We 
believe that it is essentially by a study of the modes of formation, occur- 
rence, and decomposition of the various types of inorganic and organic 
sulfur compounds in coal that it will be possible, with hope of success, 
to attack the problem of purifying coals, otherwise eminently suitable 
for coking, from these objectionable ingredients. 

Sulfur, so far as is at present known, does not normally occur in the 
free state in the coal conglomerate, but is chiefly distributed, irregularly, 
in three forms: 

1. As primaiy constituents of the coal conglomerate, organic in 
nature and probably associated with those molecular complexes that 
have resulted from the degradation of the proteins of the plant tissues 
responsible for the formation of the coal mass. These constituents can 
be classed as ‘‘organic sulfur.” 

2. As metallic sulfides, e.g., iron pyrites. 

3. As metallic sulfates, e.g., calcium sulfate and ferrous sulfate. (The 
occurrence of these compounds varies with the occurrence and degree 
of degradation of class 2.) 

It is usually found that sulfur compounds of class 3, the metallic 
sulfates, are present in coal in small proportions only, amounting to about 
1 or 1.5 per cent, of the total sulfur. The compounds in classes 1 and 2 
are therefore of more importance. Class 1 alone will receive considera- 

* Junior Assistant, Safety in Mines Besearch Board. 

t Professor of Fud Technology, Sheffield University, and Director of Research, 
Safety in Mines Research Board. 

^Univ. m. BuU, 111 (1919); synopsis published in Trans, (1920) 68, 674. 

»Univ. m. Butt. 125 (1921). 
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tion in this paper, though, when considering the possible forms in which 
“organic sulfur" can be present in coal, it should be borne in mind that 
there may be a relationship between the occurrence of these organic 
complexes and that of the metallic sulfides, which may possibly also owe 
their presence in coal to the sulfiu* compounds originally present in 
the vegetation from which our coal measures were formed. 

On this subject, we receive help from researches dealing with the 
sulfur contained in modem plants, more particularly from those relating' 
to the proteins in cereals. The sulfur in plants resides mainly in the 
proteins’ contained in their seeds (in the germ and its associated food 
supply), while some proteins are transported through the phloem cells 
of the living plant tissues. Little is known regarding the latter, because 
of their transient existence, but botanists have obtained a fair amoimt 
of success in their endeavors to elucidate the problem of the stracture of 
the siilfur complexes which are invariably present as an integral part of 
the seed organs. 

Osborne* has investigated the properties of the proteins in a number of 
cereals and has shown that they differ, in different cereals, in their 
reactivity under direct chemical attack. For example, on boiling the 
different seed materials with a 30-per-cent, solution of lead acetate during 
several hours at a temperature of 165° C., some of the sulfur could be 
isolated as cystine while the residues contained varying quantities of 
more stable sulfur compounds. The sulfur isolated as cystine Osborne 
termed “loosely bound sulfur” and the more stable compoimds “resistant 
sulfur." The proportions in which these are contained in cereals are 
indicated by the following data from his experiments: 


Pbotbin 

Totax. 
SULVXTB, 
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Loobblt 

Bound 

SULFUB 

(ISOLATBD 

AS Ctstins), 
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Total 
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Bound, 
Pbb Cbnt. 

Phaseolin, from the kidney bean 

0.312 

0.072 

23 

Edestin, from hemp seed 

0.880 

0.346 

40 

Glycinin, from the soy bean 

0.710 

0.320 

46 

Gliadin. from wheat 

1.027 

0.619 

60 


From the results of many experiments, Osborne concluded that, in 
general, a protein rich in sulfur was not of necessity rich also in those 
compounds that were acted upon by the reagents he used, and that 
there was evidence of at least two types of sulfur complexes of different 
degrees of reactivity. 

It seems to be generally admitted that the degradation products of 
proteins are similar in character whether the proteins be of vegetable or 
ii.TiiTnn.1 origin. The work of Harris* on proteins of animal ori^ can 

* Jtd. Amer. Chem. Soc. (1902) 24 , 140. 

« Proe. Boy. Soo. (1922) B. 94, 426. 
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til^refore be drawn upon to supply evidence in support of Osborne’s 
views. Harris found that 89 per cent, of the sulfur in serum albumen 
could be isolated as cystine, the remainder being stable, while from 
ovalbumen only 14 per cent, could be isolated as cystine. He foimd, 
moreover, that the sulfur in proteins only becomes reactive under certain 
conditions of experiment and in all the organic compounds he investi- 
gated a proportion (which varied with the compound) of the sulfur 
^existed in a very stable form. The isolation of the maximum quantity 
of organic sulfur was only possible imder optimum conditions of experi- 
ment, which varied with each compoimd. 

The oxidation of cystine, which can be isolated as one of a group of 
dehydration products of proteins, has been studied^ and it has been found 
that its reactivity (and that of its reduction product cystein) can be 
controlled in a suggestive manner. Cystine is a diamino acid, the 
disulfide of a-amino /3-thio propionic acid, of the formula: 

HaC S S CH2 

/ I 

HjN.HC CH.NH2 

I \ 

60OH COOH 

while its reduction product, cystein, is a mercaptan. The oxidation of 
these compounds can be accelerated by the presence of iron in minute 
quantities, while if a cyanide is also present, as an additional catalyst, 
the reaction is still further accelerated. For example, the presence of as 
little iron as M/10,000 was found to double the rate of oxidation. The 
oxidation process appears to be intra-molecular and the iron to act as an 
oxygen carrier, being loosely held in combination until the reaction is 
complete. Another important observation is that the rate of oxidation 
of cystine is greatly reduced by the presence of a solution of sodium, 
potassium, or calcium chloride of 4 mol. strength. 

Baumann and Goldmann^ have also studied the behavior of cystine 
toward reagents and have shown that it is remarkably inert toward 
many, while with all time of contact is an important factor. For 
example, in two experiments in which cystine was boiled with a 10-per- 
cent. sodium-hydroxide and lead-acetate solution only 68 per cent, of 
its total sulfur was 3 delded as sulfide after 9 hours treatment and 83 per 
cent, after 33 hours. 

Similarly, experiments by Schultz^ on the treatment of cystine with a 
30 per cent, solution of sodium hydroxide in the presence of zinc and 
oxide of bismuth, showed that 53 per cent, of the sulfur was obtained as 
sulfide after 10 hours boiling and 53.7 per cent, after 25 hoilrs. 

* Matthews and Walker, Jrd, Biol. Chem. (1908) 6, 289. 

•Ztschr, physiol. Chem. (1888) 12 , 257. 

^ Ztechr. physiol. Chem. (1898) 25 , 16. 
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There is thus ample evidence regarding the existence, in the naturally 
occurring organic sulfur compounds, of groupings containing sulfur that 
are not readily decomposed and are comparatively inactive; while other 
groupings yield their sulfur fairly readily, probably as hydrogen sulfide, 
on treatment with reagents. It would seem also, from the general 
observations made by different experimenters, that a necessary pre- 
liminary to the resolution of the sulfur-containing complexes in proteins, 
whereby the comparatively unstable compounds are formed, is their 
partial oxidation. 

This evidence of the stability, in favorable circumstances, of certain 
of the protein sulfur compounds in living plants suggests that some of the 
sulfur compoimds that were present associated with plant entities that 
are stUl recognizable in, and can be isolated from, coal may not have 
been considerably changed during the coal-forming process, and may 
exist in coal today in a form but little modified. Certainly those parts 
of plants, cuticles and spore exines, that can be isolated from bituminous 
coals do not differ chemically to a great degree from the cuticles and 
spore exines of modem plants. The visible plant entities do not, how- 
ever, often form a considerable part of the coal mass, and there is no 
reliable evidence that organic sulfur may be concentrated in them. 
On the other hand, it is presumed that the formation of part of the ulmic 
groimd mass of coal has been in the first instance by the condensation 
together, to form amino ulmins, of the carbohydrates and amino acids of 
the decaying plants. If cystine were involved in such a condensation, 
sulfur-containing organic compounds might be dispersed throughout 
the coal-forming mass. 

This latter appears to us the more likely hypothesis. It can be 
elaborated to explain the existence in coal (so evident on its destmctive 
distillation) of varying proportions of organic sulfur compoimds of 
different degrees of stability. As a generalization, it may be stated 
that vegetable tissues when undergoing decay suffer progressive oxida- 
tion. The oxidation is no doubt sometimes checked, because of tem- 
porary adverse conditions, and may proceed again; or it may be 
permanently stopped according to the particular environment of the 
deca3ring materials. We thus have the conditions necessary to promote 
the resolution of the sulfur-containing complexes in the proteins with the 
production of a proportion, dependent on the environment, of compara- 
tively unstable compounds. Further, by analogy with the behavior of 
cystine under the action of catalysts, it can be understood that the 
action of ferruginous waters on the vegetable material undergoing decay 
would be to hasten the resolution of the proteins while the action of 
alkaline waters would be to preserve them. 

Here our conjectures cease. The experimental work we have under- 
taken to test them is designed to estimate the proportions of relatively 
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stable and unstable organic sulfur compounds, which imdoubtedly exist 
in coal and, ultimately, to determine their character. 

DISCUSSION 

S. W. Pabb, Urbana, 111. — ^The paper works back to the organic 
compounds and their probable tsrpes through the medium of sulfur, but 
our practical interest does not lead us in that direction. We want to 
know how much of the sulfur is mineral and how much is organic? Fortu- 
nately the organic sulfur is not easily dissolved and the mineral sulfur is. 
By a purely empirical method, dilute ordinary hydrochloric acid, if given 
time enou^, will dissolve the mineral sulfur and not touch the organic 
sulfur. The separation can be hastened considerably by wanning the 
solution a little. In the coking of this material, it does not make any 
difference whether the sulfur is in the mineral or in the organic form. 
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Selective Combustion in Coal 

Bt F. S. Sinnatt,* East Gbbbnwich, England 

(New York Meeting, February, 1025 ) 

This paper is the outcome of an extended investigation carried out 
in association with Dr. L. Slater. The inquiry had been continued in 
various directions and a number of results are quoted from an investiga- 
tion recently completed by S. H. Jenkins. In projecting the work some 
five years ago, the author had in view a general attack on the problem 
of the spontaneous combustion of coal from an angle that had received 
little attention. The basic idea was to obtain a “slow motion study” 
of the active combustion of coal. This included an examination of the 
conditions prevailing in a mass of coal at the moment when active com- 
bustion ceases. It was thought that, if the factors governing the extinc- 
tion of combustion in coal could be definitely established, it might offer 
an explanation of the manner in which the spontaneous combustion 
of coal originates. 

The inquiry arose from a detailed study of the properties of fusain 
that the author began in 1918. Fusain seemed to possess characteristics 
quite distinct from the coal with which it was associated, for if it were 
collected into a heap and one portion were heated by a small flame the 
combustion would traverse the whole mass. This combustion was not 
accompanied by smoke and passed slowly through the heap of material. 
Later, it was found that coals, including anthracites, would behave in a 
similar maimer provided they were in the form of powder and that the 
particles were smaller than a certain size. The limiting size of particles 
is a definite characteristic of the coals investigated. In view of the fact 
that fusain exists with coal in a state that enables it to undergo this 
particular form of combustion, it must be assumed, sometimes, to playa 
definite part in the spontaneous combustion of coal in the goaf (waste). 

Tables 1 and 2 contain the analyses of samples of dust collected from 
a mine and from a dust collector. Some idea of the degree of fineness of 
the particles of fusain may be obtained from a study of the analyses of 
the dust from the dust collector; 80 per cent, of the dust would pass 
through a 200-mesh screen while the fusain was concentrated in the finest 
dust. The material that passed through a 90-mesh screen contained 
64 per cent, of fusain while that between a 30- and a 90-mesh only oon- 

• Assistant Director, Fuel Research Board. 
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tained 13 per cent. All the samples would propagate a zone of colnbus- 
tion when one portion of a heap was heated with a small flame. 


Table 1. — Amount o/ Fuaain Found in Mine Duet 


Description 

Sample 

No. 1, 

Per Cttat. 

Sample 

No. 2, 

Per Cent. 

Sample 

No. 8, 

Per Cent. 

Sample 

No. 4, 

Per Cent. 

Moisture 

1.3 

0.9 

1 

1.4 

1.4 

Ash 

28.7 

10.1 

23.2 

19.2 

Volatile matter 

.21.8 

22.5 

25.0 

25.4 

Volatile matter less moisture 

20.5 

21.6 

23.6 

24.0 

Coke... 

78.2 

77.5 

75.0 

74.6 

Fixed carbon 

49.5 

67.4 

51.8 

55.4 

Fusain 

25 

47 

16 

21 


Table 2. — Examination of Dust from Duel-collector 
(Average sample; proximate analysis) 

PxB Cent. 


Moisture 1.2 

Ash 9.1 

Volatile matter 22.6 

Volatile matter less moisture 21.4 

Coke 77.4 

Fixed carbon 68.3 

Fusain 49 


Quantitattve Shjvinq Test op the Dust Showed 


Above 30-mesh 0.0 

30- to 60-mesh 1.5 

60- to 90-mesh 3.0 

90- to 200-mesh 15.5 

Through 200-mesh 80.0 


Analyses of Fbactions 


30- TO 90-BfESH 


Moisture 2.1 

Arti 7.0 

Volatile matter 31.3 

Volatile matter less moisture 29.2 

Coke 68.7 

Plxed carbon 61.7 

Fusain 13 


Through 90-mesh 

PsB 

Cbnt. 


Moisture 1.2 

Aril 9.6 

Volatile matter 21.4 

Volatile matter less moisture 20.2 

Coke 78.6 

fixed carbon 69.0 

Fusain 54 


It may be mentioned that the seams from which these dusts were pro- 
duced only contained about 1.5 per cent, of fusain. 


Pbopagation of Zone of Combustion 

The experiments on the propagation of a zone of combustion were 
carried out in the following manner: Cones of pulverized coal of standard 
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size and with uniform packing of the particles were formed by filling a 
glass funnel with coal and inverting it upon a silica plate (Fig. 1). The 
coal dust was allowed to fall into the funnel from an orifice placed at a 
•constant level above it, and the excess of coal above the ^ge of the 
funnel was removed by means of a broad sharp blade. 

The apex of the cone was heated momentarily with a small flame. 
The combustion thus initiated develops into a zone which passes regu-- 
larly throughout the mass, provided the conditions mentioned later are 
satisfied. The combustion is characterized by two well-defined stages: 
First the color of the coal changes from brown to black, and this is 
succeeded by a zone in which rapid combustion occurs. The fact that 
combustion is taking place is not always apparent, as the temperature 
attained is only sufficient to produce a dull red glow. That the first 
stage of the combustion is clearly defined was proved by experiments in 



Fig. 1. — Propagation op zone of combustion. 

which the combustion was allowed to proceed under similar conditions 
but in a limited supply of air. The combustion is accompanied by little 
smoke and the odor evolved is similar to that noticed in the early stages 
of a gob fire. 

When the combustion has started in a heap of coal dust, the area 
may spread until every part, except the portion in contact with the plate 
on which the coal is standing, has been oxidized. If the combustion 
proceeds vigorously, some part of the coal may be completely oxidized 
and ash alone may remain. If the combustion takes place slowly, either 
because the particles are large or because the supply of air is limited, a 
cone-like residue is formed. If the residue from the combustion in a 
restricted supply of air is allowed to cool and one portion of the mass is 
again heated, a zone of combustion will again travel throughout the 
heap. This experiment has been repeated four times with one charge of 
coal; only part of the oxidizable material in the heap is affected during 
each combustion. The explanation that suggests itself is that each oxida- 
tion is a differential one. It is presumed that with more refined experi- 
mental methods the number of combustions might be increased. The 
experiment disproves the belief that when a gob fire has occurred in a 
certain mass of coal, or in one part of a mine, a second gob fire cannot 
take place in the same coal or in the same region. There appears to be 
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no reason why a gob fire should not occur a number of times in the same 
quantity of coal. 

The zone of oxidation may not spread uniformly throughout the heap ^ 
but may follow a well-defined path and leave the remainder of the coal 
nearly unaffected. The exact conditions that are favorable to the prop- 
agation of a zone of combustion in a particular region cannot be 
defined accurately at present, but absence of uniformity in the packing 
of the particles has a marked influence. It is not possible to assume that 
the combustion follows the path of most open packing, although experi- 
ments in which the powdered coal was placed under pressure have shown 
that the propagation of the zone was then retarded or entirely prevented. 

The behavior of the coal during the period of active combustion, 
i.6., as the zone of combustion is passing, varies not only with the type of 
coal and the oxygen available, but with the size of the particles. When 
the oxidation is allowed to proceed in the presence of an excess of air, 
the mass of coal decreases in volume if the particles are below a critical 
size. When larger particles are associated with the fine coal, the oxida- 
tion is accompanied by a slight increase in the volume of the mass if the 
coal is a caking variety. It is found that a portion of the coal may 
undergo more complete oxidation while the residue is partly oxidized 
and carbonized. The carbonized particles are converted into minute 
spheres of coke-like material. When the heap has a surface that is 
vertical or at an angle greater than the angle of rest of the coke-like 
product, the spheres of the latter will roU from the zone of combustion 
and may then be collected at the base of the heap. With anthracites, 
which are non-caking and non-swelling, there is a slight decrease in the 
size of the heap during oxidation. 

Although the oxidation may be proceeding along a definite path, the 
change in volume produced in the mass at the moment of active oxidation 
may be such as to prevent the zone of combustion proceeding farther in 
a particular direction. Only caking coals have been examined in 
this connection. 


Table 3. — Limiting Size of Particles of Three Coals 


Anthracite 

BaTine 

Arley 

Figure of 
Finenees 

Oxidation j 

Figure of 
FineneoB 

(Oxidation 

Figure of 
Fineness 

Oxidation 

1.11^ 

Complete - 

1.350 

Complete 

1.370 

Complete 

1.1501 

Incomplete 

1.385 

Complete 

1.1388 

Complete 

1.1667 

No combustion 

1.1497 

Complete 

1.405 

Complete 



1.563 

Complete 

1.455 

Complete 



1.1655 

No combustion 

1.489 

Complete 





1.602 

Complete 

1 

i 




1.684 1 

No combustion 
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Table 4. — Values Obtained in (he Screening Testa and Analyses of the 

Coals 


Hours 

Per Cent, on 

Per Cent, on 

Per Cent, on 

Per Cent, on 

Per (!Sent. 
throuAlt 
200-mesh 

Figure of 

Grinding 

90-mesh 

laO-mesh 

150-mesh 

200-mesh 

Fineness 


Ravinb 


1 

82.14 

8.36 

12.47 

7.42 

39.61 

1.2167 

2 

23.60 

8.44 

16.07 

9.75 

43.30 

1.2138 

3 

24.07 

9.87 

16.60 

7.65 

41.81 

1.2118 

4 

16.46 

11.88 

14.43 

8.86 

49.39 

1.1983 

5 

6.94 

8.99 

13.66 

8.26 

62.24 

1.1869 

7 

1.61 

3.09 

11.87 

9.53 

73.90 

1.1655 

9 

0.68 

0.76 

3.93 

4.63 

90.13 

1.1563 

13 

0.20 

0.46 

3.34 

2.67 

93.32 

1.1497 

16 

0.91 

0.48 

1.72 

2.43 

94.45 

1.1885 

20 

1.66 

1.06 

2.03 

1.28 

94.2 

i 

1.1350 


Ablet 


1 

25.28 

8.30 

12.71 

7.33 

46.25 

1.2155 

2 

20.28 

8.62 

14.36 1 

6.02 

50.48 

1.2090 

3 

5.68 

6.12 

16.26 

5.02 

68.00 1 

1.1801 

4 

2.06 

2.96 

11.07 

5.78 

78.40 

1.1684 

5 

1.07 

1.40 

6.73 

7.70 

83.20 

1.1602 

7 

1.45 

1.50 

5.05 

1.94 

90.00 

1.1489 

9 

1.37 

1.45 

2.96 

1.76 

92.40 

1 . 1455 

18 

2.46 

1.55 

3.68 

2.00 

90.40 

1.1405 

16 ! 

2.78 

2.40 

4.96 

2.70 

87.20 

1.1818 

20 

3.4 

1.48 

5.20 

4.20 

83.60 

1.1370 


Mountain Mine 


1 

i 

1 24.09 

10.62 

14.68 

6.67 

43.94 

1.2214 

2 

20.92 

8.97 

17.15 

7.81 

45.15 

1.2082 

3 

7.25 

9.99 

j 16.40 

7.72 

69.63 

1.1888 

4 

2.56 

4.16 

12.18 

10.63 

70.48 

1.1776 

5 

1.43 

2.73 

11,11 

5.94 

78.79 

1.1685 

7 

1.37 

1.16 

5.44 

7.66 

84.38 

1.1605 

9 

1.11 

1.24 

4.11 

6.44 

86.96 

1.1548 

13 

1.89 

1,61 

3.55 

3.51 

89.48 

1.1469 

16 

2.55 

2.05 

4.29 

4.16 

86.94 

1.1431 

20 

3.36 

1.91 

6.29 

4.32 

84.14 

1.1413 


Proximate Analyses 


Moisture 

Aali 

Volatile matter 

Volatile matter less moisture. 

C3oke 

Fixed carbon 


Ultimate Analyses 

Carbon 

Hydrogen ^ 

Nitrogen 

Sulfur 

Ash 

Oxygen (by difference) 

TOL. Lxan. — 18 


Mountain 

Minb 

Abi/BT 

Minb 

Rayikb 

Minb 

2.73 

1.93 

2.42 

3.52 

8.23 

4.05 

26.46 

35.34 

36.56 

23.73 

33.42 

34.14 

73.54 

64.66 

68.44 

70.62 

61.43 

69.89 

81.94 

82.82 

78.42 

5.28 

5.51 

5.24 

1.16 

1.54 

1.60 

1.61 

1.45 

2.28 

8.62 

3.29 

4.15 

6.89 

5.89 

8.41 




IM dBtiBcnvs coHBtrBTioN nr coal 

Table 3 records the limiting raze of particles for three coals — ^Arley, 
Ravine, and an anthracite. The fineness was determined by an exhaus- 
tive screening test and is expressed in the terms of the figure of fineness.^ 

With Ravine coal, all samples in a finer state of division than that 
corresponding with a figure of ^eness 1.1655 would ignite readily and the 
combustion would proceed throughout the mass of coal dust. With 
the Arley coal, the oxidation would proceed over a much wider range, 
for all dusts finer than indicated by a figure of fineness 1.1684 would 
ignite and bum completely. Anthracite obtained by grinding during 
20 hours (figure of fineness 1.1142; 98 per cent, through 200-mesh) 
would ignite and the combustion would proceed until the oxidation was 
complete, but specimens coarser than this could not be made to burn 
completely. These results indicate that two factors predominate; the 
character of the coal; and the fineness of division of the coal. 

The two bituminous coals show that a sharply defined value exists 
for the critical degree of fineness necessary to enable the combustion to 
proceed and indicate that the ratio of surface exposed to the weight of the 
particles is a factor in deciding whether the oxidation of the coal will 
proceed autogenously under the conditions postulated. It would appear 
that experiments on the oxidation of coal by earlier investigators may 
have srielded erratic results from the fact that the particles of individual 
specimens of the coal may have been above or below the critical degree 
of fineness. 


Rate op Pbopagation op a Zone op Combustion 

It was thought that the rate of oxidation of the dusts might offer 
means of determining the liability of a coal to spontaneous combustion, 
so attempts were made to obtain a measure of the rate at which combus- 
tion was occurring. The method adopted was to allow the dust to 
oxidize in a narrow “train” and to note the time required for the com- 
bustion to pass from point to point. 

A metal trough, 5 in. long, in. in width, D-shaped in cross section 
and closed at the ends, was used to make the “train” of coal dust. The 
trough was held in position horizontally beneath an orifice and dust was 
run into it, in a thin stream, imtil it was filled and overflowing at the 
sides; the excess was then removed by means of a sharp blade until the 
coal was level with the edges of the trough. A thin silica plate 7 
by 1 in., graduated by a series of lines 1 in. apart at right angles to the 
longer dimension of the plate, was placed on the trou^. The whole 
was then inverted and placed on a firm base, and the metal trough care- 
fully rranoved so as to avoid any displacement of the coal dust. A heap, 
or “train, ” of coal dust remained on the plate 5 in. long, the same height 


* FwH in Set, & Prac. (1923) 2, 142. 
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throughout its length, and uniformly packed. The apparatus was 
protected from drafts. The trough and plate with a train of coal in 
position are shown in Fig. 2. 

The train of coal was ignited at one end by a small flame; the oxida- 
tion was found to proceed at a perfectly uniform rate to the opposite 
end of the train, leaving a residue of coke or of ash according to the 
method of treatment. 

The front of the zone of combustion could be readily followed by 
observing the sharp color change in the coal dust from brown to black. 
The time taken for the oxidation to proceed over a definite length of 4 in. 
of train was determined. The results obtained are given in Table 5. 


Table 5. — Rale of Propagation of Combustion 


Coal 

i r 

Hours of 1 
Grinding j 

1 

Figure of Fineness 

Time Ooeupied for 
Combustion over 4 
In., Minutes 

Arley 

36 ; 

1.1320 

24 


i 20 

1.1370 

24 


1 16 1 

1.1338 

24 


1 13 ! 

1.1405 

24 


9 ! 

1.1455 

28H 


7 ! 

1.1489 

31 


5 1 

1.1602 

36K 

i 

4 j 

1.1684 

42K 


1 

No combustion w: 

ith larger particles 

Mountain mine 

20 ' 

1.1413 

24 


16 i 

1.1431 

26J^ 


13 i 

1.1469 

29 


9 

1.1548 

36 



No combustion wi 

ith larger particles 

Ravine 

20 ' 

1.1350 

22H 


16 1 

1.1385 

28 


13 I 

1.1497 

34 


9 . 

1.1563 

38 


7 

1.1655 

48 

Anthracite 

i 

1 

Propagation of 

combustion along 



train did not take place even with 


1 

i 

1 

finest powders. 



The most finely ground specimens of Arley and Mountain Mine coal 
required the same period of time (24 min.) to bum over a length of 4 in. 
of the train, while the Bavine coal for a similar degree of fineness only 
required 22^ min. This indicates a marked readiness on the part of 
the latter coal to oxidize in the air; a significant observation in vie'w of 
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the fact that the Ra-dne coal is liable to undergo spontaneous heating 
in the goaf. 

It will be observed that the results correspond, in general, with those 
obtained when conical heaps were used. Both the Arley and the Ravine 
coal dusts failed to propagate a zone of combustion along the train when 
the sizes of the particles were similar to those that failed to allow of 
propagation in the heaps; while with the Mountain Mine coal progressive 
combustion of the particles below the figure of fineness 1.1548 did 
not occur. 

Attention must be called to the great difference in the time required 
for the propagation with alterations in the degree of fineness of the dusts. 

Within the limits of the experiments herein recorded, Arley coal 
required from 24 min. to 42)^ min. for the combustion to travel 4 in.. 



Fig. 2. — Dstebminino bate of pbopagation op a zone op combustion. 

according to the degree of fineness of the particles. In view of this varia- 
tion, it would not appear possible to standardize the present method of 
examining the liability of a coal to spontaneous combustion unless the 
dust is in<a state of division approaching the limiting degree of fineness as 
indicated by the “ figure of fineness. ” As the limit of fineness is reached, 
the rate of combustion along a train assumes a limiting value; and this 
limiting value for the rate of combustion may afford a measure of the 
liability of the coal to undergo spontaneous combustion. 

The limiting value for the rate of combustion appears to have been 
reached with one coal only, the Arley, which shows the same rate of 
combustion for samples ground for 16, 20, and 36 hours, respectively. 
Mountain Mine and Ravine coals do not exhibit this approach to a limit. 
Although the combustion proceeds in the train of Mountain Mine coal 
dust within narrower limits of fineness of the dust than obtains with 
either Ravine or Arley coals, with samples of comparable fineness the 
rate of combustion with the Mountain Mine coal is greater than with 
either of the other two coals. The fact that the limiting vidue for the 
rate of combustion is suddenly attained with the Arley coal indicates the 
possibility of there being an equally abrupt approach to the maximum 
rate of combustion with the other coals as the state of division of the 


F. S. 8INNATT 


197 


dust particles is increased; and it is necessary that b^ore anything 
definite is stated with regard to this particular point a larger number of 
coals that have been ground during an extended period should be tested. 

Modifying Influence of Vakious Compounds on Rate of Com- 
bustion 

It was considered desirable to examine the modifying influence of 
the addition of various compounds on the rate of combustion of finely 
powdered coal under the conditions of the present experiments. As a 
preliminary experiment, the influence of the presence of finely divided 
calcium carbonate was investigated. Pure calcium carbonate that had 
passed through a 150-mesh sieve was intimately mixed in various pro- 
portions with Arley coal (figure of fineness 1.1489). These mixtures 
were formed into trains and the rates of combustion determined in the 
manner previously described. The results obtained are given in Table 6. 


Table 6. — Combustion Rate of Coal and Calcium Carbonate Mixtures 


Coal, 

1 Calcium Carbonate, 

Combustion Time for 4 In., 

Per Cent. 

I Per Cent. 

Minutes 


100 ! 

0 

1 

1 31 

90 

10 

! 301 ^ 

80 

20 


70 1 

30 

1 31 


It will be observed that increased proportions of calcium carbonate 
failed to retard the rate of combustion; it required the addition of 70 
per cent, of calcium carbonate to prevent entirely the propagation of a 
zone of combustion. 

It was considered of interest to examine the effect of adding finely 
pulverized rock dust to the coal. Mixtures were made of various pro- 
portions of pulverized shale, which had passed through a 200-mesh 
sieve, and Arley coal of the figure of fineness 1.1370. It was found that 
the limiting quantity of stone dust in admixture with the coal dust that 
would just permit of coihbustion passing through the heap was 62 per 
cent. With a greater percentage, the mixture failed to ignite; while 
with lower percentages oxidation proceeded regularly throughout the 
train of mixture. 

The possible catalytic effect of the presence of small amounts of 
ankerites containing manganese and ferrous salts was now examined. 
For this purpose, admixtures were made with Arley coal of a fineness of 
1.1684 (figure of fineness). Coal dust of this size has a very slow rate of 
burning and was chosen because any increase in the rate of combustion 
due to catalytic action would be more readily observed. The time 
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required for the combustion to tnivel in the pure coal dust over a length 
of 4 in. tarain was 42^ min. When small quantities of manganese 
and ferrous salts were added the results were: 

Mikutbs 


1 per cent, manganese catenate 42 

1 cent, ferrous sulfate 42H 

1 per cent, ankerites from Arley coal 42)i 


There is apparently a slightly increased rate of combustion in the 
mixture containing manganese carbonate, but a variation of K uiin. in 
the measurement of the time is within the range of experimental error. 

Tsmpebatube Recorded During Combustion 

A platinum, platinum-rhodiiun thermocouple was introduced into 
a cone of coal dust in the manner shown in Fig. 3, the point of the couple 
being fixed centrally and ^ in. from the apex.^ The apex of the cone was 
ignited, and a record of the temperature was made at 1-min. intervals. 
The results when using anthracite dust are given in Table 7. Only the 
values at 5-min. intervals are quoted for the sake of brevity. 

Table 7 . — Combustion Temperature of Anthracite 


Timb, 

Mikutbs 

Dbgbbbs C. 

Timb, 

Mikutbs 

Dbgbbbs C. 

0 

35 

25 

580 

5 

150 

26 

585 

10 

410 

30 

560 

15 

520 

35 

420 

20 

550 




Similar results were obtained with other coals, thus: Arley having 
a figure of fineness of 1.1370, the temperature reached 485° C. and 
remained stationary for 2 min. then rose to a maximum of 510° C. 
Ravine having a figure of fineness of 1.1350, had a gradual rise in 
temperature to 480° C., where it remained stationary for 2 min. then 
rose to a maximum of 540° C. Mountain Mine, having a figure of fine- 
ness of 1.1413, had a gradual rise to 450° C., where it remained stationary 
for 2 min. then rose to 510° C. maximum. 

In each instance a maximum temperature is recorded varying from 
510° to 585° C., and in the combustion of bituminous coals two distinct 
stages can be recognized marked by a pause in the rise of temperature. 
No stationary intermediate temperature could be detected with anthra- 
cite, but the rate of increase of the temperature became slower between 
520° and 550° C. The fact that a first and second mitTiTniiTn are observed 
lends some support to the theory that a dual oxidation is proceeding. 


* The ilaM fu&sd shown was not used in this series ci oiperiments. 
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It is apparent that| other factors remaining constant, the ma in 
consideration which decides the oxidation of the coal is the rate at which 
the oxygen is able to react with the organic substances. Certain of the 
factors have already been discussed, and it is now proposed to consider 
the effect of variations in the oxygen supply. 

Experiments were carried out with a cone of coal (Arley coal, figure 
of fineness 1.1370). The air was controlled by means of a funnel which 
was placed over the cone of coal as shown in Fig. 3. This funnel nor* 
mally fitted closely to the glass plate upon which the cone of coal rested, 
and the air supply could be controlled by raising it above the glass plate. 
The height of the funnel from the glass plate was regulated by inter- 
posing between the edge of the funnel and the plate different numbers 
of very thin glass micro-cover slips. In the experiments to be described. 



Fig. 3. — Determining temperature during combustion. 

the coal dust was placed in position upon the glass plate in the manner 
already explained; the apex of the cone of coal was ignited, and the outer 
funnel placed in position resting over the cone of coal and maintained 
the distance of one cover-slip thickness from the glass plate. Thirty 
seconds after placing the funnel in position, the smoke that had been 
given off from the tip of the cone on first ignition ceased to be evolved. 
Moisture was deposited upon the inner surface of the funnel, and the 
oxidation spread regularly to the base of the heap, as could be detected 
by the change in color of the coal. The maximum temperature observed 
during the combustion was 280® C. The gases issuing from the stem of 
the funnel possessed a characteristic odor, apparently due to the presence 
of acetone. When the combustion had spread to the base of the heap, 
the funnel was removed and the heap of coal scattered upon the glass 
plate. Vigorous combustion immediately took place over the scattered 
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surface, various points reaching a temperature of 800° C. In a second 
experiment, combustion spread, throughout the coal and again reached a 
temperature of 280° C., when further oxidation ceased. After the heap 
had assumed the normal room temperature, the funnel was removed and 
the heap cut into sections and examined. At no point could complete 
combustion resulting in the production of ash be observed. This is a 
distinctly different result from that obtained when the coal was allowed 
to bum in an excess of air. It would appear that with bituminous coals 
a preliminary oxidation occurs in which some very readily oxidizable 
constituent actively reacts with a comparatively limited supply of air. 



Fig. 4. — Appabatus poe contbolled oxidation of coal. 


Further tests were performed with the same apparatus supplying 
increasing volumes of air to the coal, by inserting two or more glass 
micro-cover slips between the funnel and the glass plate. It was found 
that the combustion could be modified until, with an excess of air, the 
coal oxidized completely. 

Investigation suggested a container which allowed the oxidation to 
proceed as in the small conical heaps but in a controlled manner. A 
sectional diagram of this container is shown at (a) Fig. 4. It consists of a 
thin metal cylinder A, 5^ in. long, provided with a close-fitting lid and 
having an outlet at B and three short tubes at C placed vertically below 
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one another and 1 in. apart. The outlet from the lid is at /). A thin 
metal collar £ is soldered on the inside of the cylinder A and to this is sold- 
ered a cylinder made from 100-mesh gauze, which fe 3^ in. smaller in diam- 
eter than A and 4 in. long. The gauze cylinder is pierced with holes cut^to 
fit the thermometers F that pass through the side tubes C. A disk of 
100-mesh gauze is soldered inside the cylinder A, in order to distribute 
evenly the air supplied. The general arrangement of the apparatus for 
carrying out an experiment is shown in Fig. 4, and needs no description. 

An experiment was carried out in the following manner. Three 
thermometers F were inserted through the side tubes C, and held in rubber 
stoppers so that the bulbs were centrally placed along the axis of the 
gauze cage. Coal dust was gently poured into the cage from an orifice 
placed at a definite height above the top of the cylinder A until the 
gauze container was filled to the height G. A supply of air (at a definite 
rate) was passed through the inlet, and the tip of the cone of coal above 
the level G was ignited by means of a small gas flame. The lid was 
placed in position and the joint made gas-tight. The temperatures 
recorded by the thermometers were noted at 5-min. intervals; the results 
are given in Tables 8 to 11. (To simplify the tables only essential 
readings are quoted.) 

It will be observed that in each experiment the thermometers in turn 
indicated a maximum. When an experiment was completed the ther- 
mometers were withdrawn, the product remaining in the gauze cage 
removed and examined as in the previous series of experiments. The 


Table 8 . — Rate of Air Supply 4412 Cubic Centimeters per Hour 


Time 

Thermometer Readings, Degrees C. 

Fx 


Ft 

3:0 

36 

24 

22 

3:16 

114 

27 

24 

3:20 

128 

29 

26 

3:26 

134 (max.) 

31 

27 

3:30 

132 

32 

27 

4:0 

74 

43 

29 

4:16 

67 

97 

32 

4:20 

60 

106 

34 

4:26 

46 

111 (max.) 

36 

4:66 

36 

66 

100 

6:0 

37 

63 

112 

6:06 

36 

62 

114 

6:10 

36 

66 

132 (max.) 

6:16 

36 

63 

116 

6:30 

22 

22 

22 
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Table 9 . — Rate of Air Supjiiy 4491 Cubic Centimetere per Hour 


Time 

Thermometer Reedinge, Degrees C. 

Ft 

Ft 

Ft 

3:45 

22 

20 

20 

3:55 

86 

24 

23 

4:05 

164 

31 

27 

4:10 

167 (max.) 

34 

29 

4:45 

72 

113 

35 

5:0 

63 

130 

37 

5:10 

53 

131 (max.) 

38 

5:30 

41 

79 

92 

5:45 

38 

66 

132 

5:55 

39 

59 

148 (n^kx.) 

6:30 

37 

43 

103 

7:10 

18 

18 

23 


Table 10 . — Rate of Air Supply 6000 Cubic Centimetere per Hour 


Tiuiv 

Thermometer Readings, Degrees C. 

Fi 

Ft 

Ft 

2:05 

26 

21 

22 

2:30 

143 

29 

28 

2:40 

182 (max.) 

33 

! 31 


101 

76 

37 


94 

99 

38 

3:15 

85 

130 

40 

3:25 

70 

152 (max.) 

43 

4:0 

48 

78 

149 

4:10 

48 

68 

161 (max.) 

4:30 

44 

50 

140 

5:0 

41 

44 

88 

5:15 

40 

94 

58 

6:0 

38 

47 

109 

6:15 

38 

47 

95 

6:30 

36 

40 

48 


whole of the product occupying the container had changed in color from 
brown to black, indicating that the wave of oxidation had in its progress 
completely enveloped the thermometer bulbs (except in one experiment), 
so that the temperatures recorded were those in the mass of the oxidizing 
coal and were not due to the passage of the zone of oxidation near to the 
tibermometer bulbs. The exception is indicated by the maximum shown 
by Ft in Table 11, where subsequent examination showed the bulb of the 
thermometer to have been just to one side of the path of the oxidation. 
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Table 11 . — Bate of Air Supply 6340 Ctibic Cerdimetere per Hour 


Time 

Thermometer Readings, Degrees C. 


Ft 

JPt 

2:45 

28 

22 

23 

3:0 

139 

29 

27 

3:15 

234 (max.) 

37 

32 

3:30 

127 

62 

37 

3:45 

90 

150 

41 

4:05 

74 

174 (max.) 

45 

4:15 

61 

150 

55 

4:30 

54 

106 

141 

4:30 

51 

84 

227^(max.) 

5:05 

50 

61 

142 


Fig. 5 shows graphically the variations in temperature as the oxida- 
tion passed through the coal in the experiment, the results of which 
are given in Table 9. 

The experiments of which the results are given were carried out with 
increasing volumes of air; it will be noted that, in general, increasing 



Fiq. 5. — Yabiations in teuferatubb during gxidation. 

rates of air supply produce increasing temperatures during oxidation, 
and that between the range of supply of 4400 to 6340 c. c. per hr., the 
oxidation will pass through the mass maintaining approximately the 
same temperature throi^out. If the rate of supply of the air falls 
below 4400 c. c. per hr;, the initial oxidation induced at the tip of the 
cone of coal would not alwasrs proceed through the mass. Five experi- 
ments were attempted with an air supply at this rate; of these, four 
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failed to propagate the oxididion and one gave 'tiie results idiown in 
Table 8, which records the lowest temperature at which the propagation 
has been observed to take place. A rate of supply of 6340 c. c. per hr. 
tended to produce very vigorous combustion when the wave of oxidation 
had reached the inlet end of the container. In this experiment, between 
passing the third thermometer Ft (Table 11) and reaching the end of the 
column of coal the rate of oxidation would appear to have increased. 

The slow rate of travel of the wave of oxidation through the coal is 
noteworthy. The time between successive maxima, as indicated by 
the thermometers, varies between 60 and 40 min. 

The possibility of the development of this form of low-temperature 
slow oxidation into active combustion was illustrated by two experiments, 
in which the slow oxidation was produced at a temperature of 160® by a 
repetition of the experiment recorded in Table 9. The oxidation was 
allowed to proceed for 10 min. after the first thermometer F\ had indi- 
cated a maximum of 160®; the air supply was then increased to 8000 c. c. 
per hr. After a lapse of 5 min., thermometers Fi and Ft indicated a 
very rapid rise of temperature beyond 360® C. and the air supply was 
stopped to check the complete infiammation of the coal. 

A number of laboratory experiments have been carried out in which 
coal has been heated externally while a current of air is passed through. 
Determinations have been made of the temperature developed by a 
thermometer inserted at one point in the coal. Such a determination 
does not necessarily give the temperature of the coal. It is clear from 
the work of Winmill and Graham that coal may readily oxidize under 
certain conditions to produce temperatures of approximately 130® C. 
The work described here shows that once this temperature is achieved 
raind oxidation may pass through the coal along a very irregular path 
and' give quite erroneous figures for the temperatures in the mass. 

Again, in considering the sources of undergroimd heatings it would 
appear that oxidation once initiated in the fine material in the' goaf is 
capable of traveling in a haphazard fashion at the rate of 2 ft. in 24 hr., 
and of developing into active combustion when the oxygen supply is 
sufiicient. It is doubtful if the presence of large proportions of stone 
dust is capable of arresting the travel of such oxidation. 

The character of the oxidations that have been described sug- 
gests a method for the determination of the temperature which a 
sample of coal must attain before the oxidation can pass rapidly into 
active combustion or can propagate through the mass in the absence of 
sufficient air. The conditions existing at this lower limiting temperature 
are Bu<ffi that the heat produced in the one layer of coal is enough to 
permit the next layer to be heated above that temperature at which the 
heat produced by oxidation can propagate to the next layer. If the 
amount of heat lost throu^ radiation and convection to the outgoing 
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air and to the apparatus is so great that this temperature is not achieved, 
the oxidation will cease and the coal will return to normal temperature. 

The determination of this lower limiting temperature was attempted 
in the following way. In the apparatus that has already been described, 
coal dust was ignited in an air supply of 50Q0 c. c. per hr. ; this is sufficient 
to insure the development of a temperature of approximately 170** C. 
in the oxidation passing through the coal. Observations were made 
on the temperature rise of thermometer Fi. When the maximum tem- 
perature was indicated, the air supply was interrupted. The temperature 
indicated by Fi gradually fell, due to loss of heat by radiation of the 
heated sone around the bulb. After a fall of 10° C. the air supply was 
renewed at the original rate and any rise in temperature on thermometers 
Ft and F» observed. Any indication of successive maxima on these 
thermometers would indicate the continued passage of the wave of 
oxidation along the coal originating from a zone initially heated to the 
temperature indicated by the first thermometer Fi. These experiments 
were repeated with reductions in the initiating temperature on the first 
thermometer Fi of 10° until the lowest temperature at which the oxida- 
tion would proceed was determined. 

The experiments were conducted on samples of Arley and Mountun 
Mine coals, two highly caking coals. The experimental results obtained 
need not be described fully, but it was found that at the lower limiting 
temperature the oxidation is very susceptible to small changes in experi- 
mental conditions, such as lightness of packing of the coal in the con- 
tainer, and many faUures were recorded and many results that appeared 
to indicate propagation at a very low temperature. Examination of 
the residue in these last examples indicated an irregular path of oxidation. 
Taking into account only those experiments in which the oxidation 
occupied the width of the tube and passed regularly through, 130° C. 
was indicated with both the coals as the lowest temperature at which 
' oxidation can proceed through the coal under the conditions under which 
these experiments were carried out. It is interesting that this figure 
lends support to the contention of Wheeler’ that, in his series of deter- 
minations on the relative ignition temperatures of coals by observing 
the temperature rise of coal heated in a sand bath compared with the 
temperature rise in the same bath, the point of self-heating should be 
taken as that at which the two curves cease to be parallel. A tempera- 
ture of 125° C. is quoted, which compares closely with the temperature 
of 130° C. noted above. 

It is not desirable to include within the limits of this pap6r a descrij)- 
tion of the experiments recently performed on the product remiuning 
after a zone of combustion has traversed a heap of coal. Hus investiga- 

• Trant. Chem. Soc. (1918) 118, 951. 
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turn has been in progress for some years and is approaching the stage 
when it may be possible to publish d^inite results. Difficidties have 
been encountered *in attacking the luoUem because the composition 
of the residue varies witii its position in the heap undergoing oxidation; 
material near the air supply <hffers in composition from the poriions in 
the center of the heap. S. H. Jenkins, in association with the author, 
has made determinations of tiie decrease in weight that occurs when 
coal piled into conietd heaps undergoes selective * combustion. The 
readual product collected from a number of heaps was found to have 
undergone similar loss^ in weight. Fifty experiments were made and 
the following is offered as an example of the results obtained. The coal 
used in the experiments was of the bituminous caking variety. 

Ultimate Analysis on MoisTintE- 
Chbmical Analysis of Coal and Ash-free Basis 

Plus Cekt. Per Cent. 

Moisture 2.5 Carbon 82.21 

Ash 7.8 Hydrogen 4.53 

Volatile matter 34.1 Nitrogen 1.65 

Volatile matter less moisture 31.6 Sulfur 2.10 

Coke 65.9 Oxygen 9.51 

Fixed carbon 58.1 

Cones of coal weighing about 4 gm. were taken and a zone of combus- 
tion made to permeate the mass in a restricted supply of air. The time 
required for the combustion of the cones was from 1 to hr. The loss 
in weight was determined and in five experiments in one group the value 
was between 4.3 and 9.5 per cent. 

The analysis of the oxidation product revealed the fact that it con- 
tained 18.2 per cent, of oxygen, whereas the original coal contained 9.5 
per cent. The volatile matter evolved from the oxidation product 
was 28.3 per cent. 

SuMMABY AND CONCLUSIONS 

1. Coal has been found to propagate a zone of combustion provided 
the particles are smaller than a critical size. 

2. The rate of propagation of the zone and the temperatures attained 
depend on the type of coal, the size of the particles of coal, and the avail- 
ability of the oxygen required for combustion. Temperatures as low as 
130^ C. during continued propagation of the zone have been recorded. 

3. Inert materials, such as rock dust and calcium carbonate,^ when 
mixed with coal dust do not inhibit the combustion unless the amount 
present exceeds 50 per cent, for shale dust and 70 per cent, for cal- 
cium carbonate. 

4. The oxidation product formed by allowing a zone of combustion 
to permeate powdered coal in a limited supply of air contains a relativdy 
hi^ percentage of oxygen compared with that present in the original coal. 
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5 . It would appear, that if a particular coal can be ground to form a 
powder, the particles of which are smaller than a limiting size, spon- 
taneous combustion may take place; conditions in the mine that bring 
about the grinding of coal are consequently contributory factors toward 
gob fires. 

6. Pyrite appears of secondary importance. Thus seams may contain 
an extremely active form of pyrite and spontaneous combustion be 
quite unknown; other seams in wlucb the type of pyrite is inactive are 
liable to fire in the goaf. 

7. The investigation emphasizes the importance of making a study 
of the physical characteristics of coal seams and of the Stopes’ ingredients 
— ^fusain, durain, clarain, and vitrain. 


DISCUSSION 

J. D. Davis, Pittsburgh, Pa. — I question whether that combustion is 
selective or not. Several years ago, when working with oil and anthra- 
cite, I noticed that combustion would start pretty much in the same way 
as was developed by this paper. I do not know just what the limits 
would be, but after heating and driving out the oil, we got the same sort 
of propa^tion of heat through the residue. It is well known that when 
such a mass is once heated, even at low temperature heat is likely to 
propagate through the mass. 

A. C. FiBiiDNER, Pittsburgh, Pa. — I think the term “selective com- 
bustion” used by the author follows the idea expressed some years ago 
by Professor Wheeler that in the spontaneous oxidation of coal oxygen 
combines with certain constituents of coal to form carbon-oxygen com- 
plexes and that at a higher temperature these complexes break down with 
the evolution of CO 2 and CO. 

The paper presents a novel method of experimentation. It is very 
interesting that inert materials, such as rock dust and calcium carbonate, 
when mixed with coal dust do not inhibit the combustion unless the 
amount present exceeds 50 per cent, for shale dust and 70 per cent, for 
calcium carbonate. These figures are of the same order as the amount 
of inert dust required to prevent propagation of coal dust explosions in a 
suspension of dust in air. Shale and limestone dust are about equally 
effective in stopping propagation of dust explosions. 

I am not entirely clear as to the experimental evidence in the paper 
jostif 3 ring the seventh conclusion — ^namely, mention of studying the 
Stope’s ingredients, fus^, durain, clarain, and vitrain. It may be 
very important to determine the selective combustion of these constitu- 
ents but the autiior does not include any experiments with these ingredi- 
ents in his paper except in the case of fusain. 
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]s it not poesible to explain most of the combustion phmiomena 
described in the paper by rimple surface combustion of tiiie fine parrides 
of coal? The combustion proceeds from one end of the loose pile to the 
other, using up the aimilable oxygen in the interstices between the coal 
particles. It does not seem necessary to presuppose that it is selective 
ccnnbustion of certain constituents. It may be uniform combustion of 
the coal particles in contact with the air film. If the pile is allowed to 
cool and air diffuses into it again, the phenomenon can be repeated. It 
seems likely that instead of selective combustion the phenomen is 
simply , one of combustion of the coal in contact with oxygen films on the 
surface of the puticles. 

George S. Rice,* Washington, D. C. — The mother of coal, fusain, 
seems to be the one constituent with which they have the most trouble in 
spontaneous fire in the mines. In Central Illinois, practically every mine 
has fires, especially during warm weather. We do not know the cause. 
There have been some attempts to determine that but, as the coal has a 
high sulfur content, P3rrite has been one of the suspected causes. This 
paper seems to discredit pyrite but I have never lost the belief that pyrite 
is a factor in this combustion. Various iron mines of Michigan have 
spontaneous fires and very fine particles of shale thrown on a dump 
take fire. 

W. M. Grant, Birmingham, Ala. — The most striking omission in the 
paper is that there is no statement as to what change in the chemical 
composition of this coal resulted from this combustion; it seems to me that 
would be a f&ctor. 

J. D. Davis. — Possibly fusain is more susceptible to heating by this 
method because it absorbs oxygen more readily than the other consti- 
tuents. I do not know that that has been tried out, but I would think 
that would be the case. 

George S. Rice. — Has any work of exactly this kind been done? I 
am not funiliar with the details, but to me this was an entirely new idea 
as to the actual demonstration of combustion. 

H. J. Rose, Pittsburgh, Pa. — So far as I know, no detailed study 
has been made before. However, the.dow progressive combustion of 
coal is not an unfamiliar pheUcHnenon, and is sometimes noted in the 
course of handling pulverized laboratory samples. A short time ago we 
fotmd that a particular sample of coal screenings, most of which would 
I»8S a Ke-ui* screen, would catch fire overnight in a steam-heated drying 
oven. So far as we know, the t^perature never exceeded 110° 0.^ . I 


* Chief Mining l^gineer, Bureau of Mines. 
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do not know the percent!^ of fusain in this coal, but there may have 
been considerable. 

S. W. Parb, Urbana, 111. — The paper coincides with some work we are 
doing. All material, and coal material especially, has a tremmidous 
avidity for oxygen, and the finer it is divided the more oxygen it takes up. 
Those coals that have the most hygroscopic water in their texture still 
further accentuate the possibility of taking on oxygen by the fact that 
that water goes out, and something must come in. It is a selective absorp- 
tion process for oxygen in preference to nitrogen or carbon dioxide. 
Evidence is beginning to accumulate, and there is a lot of it, that this 
oxygen is a surface condensation, which is a highly concentrated form 
of oxygen, is a film over all the surface, including the internal structure oi 
material that is porous. As a result, coal that is already in a fine state of 
division, such as mother of coal, has the start on the particles that are 
still in the massive form. 

We need to study the behavior of this oxygen in these low-temperature 
ranges, because this oxygen, given time enough, will gradually go over 
into a chemical combination with certain compounds of the coal, which 
readily split off, HjO, and a little later CO*. Normally, in the course of 
time, you can speed this up in certain ways. The whole problem of 
spontaneous combustion is to know how to speed it up. 

The author touches a Bunsen burner to the coal. If by means of a 
match, a spark, or friction or anything you start the heat, combustion 
will go through the pile, and the combination of that condensed oxygen 
will be the only thing that takes place. If you let the pile stand long 
enough to take on more oxygen, the heat will go through again, but only 
to the extent of the oxygen absorbed in the mass. If fusain absorbed 
oxygen, is it not as good a kindling medium as vitrain, xylan or lignose 
compounds? But the point is, how to get the combustion started. We 
have a lot of data confirming Wheeler’s data that the point of ignition is 
about 150° C.; that is an ignition point. From that point on it will bum 
autogenously, but only to the extent it is permeated by oxygen. 

In the case of pyrites, combustion will not start of itself, but if there is 
a lot of finely divided pyrites, and plenty of oxygen has been absorbed 
and the combustion is started, it will continue. What we want to find 
out is what starts the heat. Pyrites, if heated above 100° C. and fur- 
nished with the oxygen and moisture, will fire autogenously and make 
heat enough to bum more pyrites and carbon. On the other hand, 
carbon oxidation will generate the heat and start combustion of the 
pyrites. 

David Whits, Washington, D. C. — The nature of the pfdeontological 
agglomerates composing the coal justifies the assumption that coal of a 
rank so even as high bituminous is still an agglomerate chemically. 
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Aoe(miiii|^y, I do not see why such oxidation is not sdeotive both at the 
initial point and later. 

Some of the experimental observations made of thin sections of coal, 
as the temperature israised, seem to indicate different (selective) response 
in the component matter when, by accident or otherwi^, oxygen finds 
its way into the furnace. 
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• Nitrogenous Constituents of Coal 

By John W. Cobb,* Lbbds, England 

(New York Meeting, February, 1925) 

The attempts of British investigators to arrive at definite knowledge 
concerning the nature of the nitrogenous constituents of coal have been 
mainly made through studies of the behavior of coal on carbonization and 
gasification. There have been carried out numerous determinations of 
the distribution of nitrogen in the products of carbonization under 
laboratory and large-scale conditions; and by a careful consideration of 
the extent to which nitrogen is liberated, say as ammonia, at different 
temperatures and under different conditions of operation as regards 
atmosphere, it has been possible to form some general notions as to the 
nature of the nitrogenous compounds present in the coal, and at the 
same time to arrive at clearer ideas as to what are the important operative 
factors in determining the ammonia yield under working conditions. 
This work' has been spread over many years and is summarized below. 
The difficulties of connecting the results in such a way as to allow of the 
nitrogenous constituents of the coal being described in terms of specific 
organic structure are great. They arise, for example, in the carbonization 
process, because the phenomena of decomposition obse^ed at any one 
temperature can only refer to compounds decomposing at that temper- 
ature, each of them with a previous history of chemical transformations 
occurring at lower temperatures. To put it in another way, the com- 
pounds occurring in the coke at any stage are not in the least likely to be 
those present in the original coal. The same diffioulty, in a milder form, 
occurs when the method of differential solution is attempted. There is 
alwa]rs the preliminary question, almost impossible to answer, as to 
how far the separation by the use of the sdvent has involved some 
form of decomposition of the original compoimds. In the following sum- 
maty, an attempt has been made to bring together results obtained by 
Briti^ workers. 


*Iiva8^ Professor of Fuel and Gas Ipdostries, Leeds Universitir. 
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Foster, ‘ Watson Smith,* Wright,* Anderson and Roberts,* Short,* 
McLeod,* nHngworth,* and Foxwdl* have shown that on heating coal 
the nitr<^[^ is first liberated in the form of ammonia between the temper- 
atures of 310** and 400° C., and the evolution continues with rising 
temperature. The large-scale carbonization of coal yields an average 
distribution of the total nitrogen of the coal as follows: 


Nitrogen as ammonia 10-20 per cent. 

Nitrogen left in the coke 40-80 per cent. 


The remainder is found as free nitrogen^ cyanogen (and a little of the 
P 3 rridine bases) in the gas and in the tar. Tervet,* with confirmatory, 
experiments by Beilby^® and Anderson and Roberts, showed that the 
passage of hydrogen over coke at a red heat liberated, as ammonia, a 
portion of th’e nitrogen left in the coke. Christie, “ on the other hand, 
using hard metallurgical coke, showed that no reduction of the nitrogen 
compounds in that coke occurred by the use of a stream of hydrogen. 

Monkhouse and Cobb^^ made detailed experiments on cokes manu- 
factured from the same coal at different temperatures. They investi- 
gated the infiuence on the nitrogen compounds of : (a) The temperature 
of coking; (b) heating in an inert current of nitrogen; (c) heating in a 
current of hydrogen; and (d) heating in a current of steam. They found 
that, with a low-temperature coke (600® C.) heated to 800® C., part of 
the nitrogen of the coke was liberated as ammonia in an inert current 
of nitrogen, with a further liberation of nitrogen, as ammonia, in a current 
of hydrogen, and the remainder was liberated as ammonia on gasification 
of the coke with steam. With a hard (1100® C.) coke, however, the nitro- 
gen was only liberated as ammonia by the gasification of the coke with 
steam. They concluded that there occurred in the coal nitrogen com- 
pounds that on distillation 3 rielded: (1) Ammonia directly on heating; 
(2) compounds that, in the^prei^nce of hydrogen, decompose forming 
ammonia; (3) resistant compounds, the so-called carbon nitrides, 

^ William Foster: Jnl. Chem. Soc. (1883) 48, 105. 

* Watson Smith: Jnl. Chem. Soc. (1884) 46, 144. 

* Lewis T. Wright: Jnl. Chem. Soc. (1884) 46, 99. 

^ W. Carrick Andersoh and James Roberts: Jnl. Soc. Chem. Ind. (1898) 17, 1013; 
(1899) 18, 1099. 

* Andrew Short: Jnl. Soc. Obem. Ind. (1907) 26, 581. 

« James McLeod: Jnl. Soc. Chem. Ind. (1907) 86 , 137. 

^ S. Hoy Illingworth: Jnl. Soc. Qiem. Ind. (1920) 89, HIT. 

* Fotwe^: Fuel in Sci. d: Prae. (1924) 8, 227. 

* Robert Tervet: Jnl. Soc. Chem. hod. (1883) 2, 445. 

Ceorge Beilby: Jnl. Soc. Chem. Ind. (1884) 8, 216. 

Christie: Dunsertation, Aachmi, 1908. 

» Monkhouse and Cobb: Trane, hunt. Gab Fkig. (1920-21) 543; (1921-22) 137. 
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which are uninfluenced by hydrogen but which can be decomposed by 
the use of steam with the liberation of ammonia. 

It appears that as the temperature of the coal is raised the nitrogen 
remaining In the coke passes into a combination more resistant to the 
action of heat and to the influence of hydrogen, until in the hard metal- 
lurgical coke the only method of liberating the nitrogen is by the use 
of steam with a consequent breaking up of the carbon and nitrogen 
containing molecule. 

How far the original coal contains nitrogen in these different forms 
and how far they are formed subsequently on heating are at present 
unknown, but preliminary experiments by Monkhouse and Cobb on the 
distillation of glycocoU showed that with such a compound, containing 
a single amino group, the whole of the nitrogen was not obtained as 
ammonia but a portion remained in the residue. 

From the work of Wheeler,^* Bone,^^ and others, on the action of sol- 
vents on coal, nitrogen appears to be an intrinsic part of most of the 
compounds in coal; no preferential separation of the nitrogen compounds 
is obtained. 

There are other secondary decompositions of the nitrogen compounds 
of coal that occur to a small extent, causing the formation of cyanogen 
in the gas and of nitrogen in the tar. 

The nitrogen compounds existing in high-temperature coke have been 
further investigated by Pexton and Cobb.^® The rate of gasification of 
the carbon and nitrogen of the coke, using steam, was examined; they 
foimd that the ratio of the two elements remained constant during 
gasification. With a low-temperature coke (800° C.), the constant ratio 
did not hold during the early stages of gasification but obtained during 
the later stages. 

The behavior of coal on carbonization under different conditions would 
be consistent with the view that the characteristic mode of occurrence 
of nitrogen in coke is as a carbon ring structure with nitrogen existing 
in the nucleus. It is interesting to note that Pearson, in his work on 
the ulmins of coal, states that the nitrogen is held with great stability in 
oxidized ulmins and that this resistant nucleus is probably cyclical^ 

Attention may be drawn to the industrial importance of the work 
done in England by the late Ludwig Mond and others in the development 
of the '^Mond gas'' process, in which was demonstrated the practical 
possibility of obtaining from coal, at the same time, a good producer gas 
and a high yield of ammonia corresponding with some 60 to 70 per cent. 

Arthur Herbert Clark and Hichard Vernon Wheeler: Tram, Chem. Soo. (1913) 
108, 1704. 

Bone: Proc, Eoy. Soc. (1919) 96 , 119; (1922) 100, 582; (1924) 106, 608. 

Pexton and Cobb; Tram, Inrt. Gas Eng. (1922-23); Gas JrU, (1923) 168, 160. 

Pearson: Fud in 8ci, A Prae. (1924) 8, 297. 
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tike total oitn^en inresent in tixe eoal. The elaboration of the plant 
needed and the high steam consumption, and the production of synthetic 
ammonia in laige quantities, render the Mond process commercially less 
attractive than it was ten years ago, but various attempts are {>eing made 
to introduce in it those modifications that present conditions require. 

DISCUSSION 

S. W. Park, Urbana, 111. — What is meant by the sentence “coal, upon 
carbonization, will be characterized by the occurrence of nitrogen in coke; 
there is a carbon-ring structure which retains its ring form in coke’’? 
In the earlier part, the paper referred to those stable nitrogen compounds, 
which are nitrogen carbon, a compound in the coke which is quite distinct 
from the ring compound. 

H. J. Rose, Pittsbuigh, Pa. — ^He mentions them as “nitrides’’ in 
quotation marks. V. B. Lewes appears to have believed that complex 
nitrogen compounds occurred in coke. Nitrogen compounds have been 
reported in pitch coke. 

S. W. Parb. — Yes, but pitch is not coke. 

Reinhardt Thiessen, Pittsburgh, Pa. — One of the points I have 
tried to bring out in this and preceding papers is that a large munber of 
plant compotmds contain the nitrogen atom as a part of the ring in the 
molecule. Every plant chemist knows that all plants contain alkaloids. 
While there may not be a large percentage of the alkaloids in one plant, 
the production of the alkaloids as a whole is large. The plant secretes 
alkaloids and disposes of them as secretions and stores them in certain 
tissues. 

. S. W. Parr. — Suppose we take sugar carbon; there is no ring structure 
or anything dse, it is simply carbon. If we mix with that some nitro- 
genous compound, not free nitrogen, we will have a limited amount of 
nitrogen, up to 3 or 3^ per cent. Has that nitrogen jumped into some 
ring form and made a combination with the carbon or that coke? We do 
not have to have a ring compound to get nitrogen into the coke at all. 

Reinhardt Thiessen. — Could you add the nitrogen in the form of 
albumin? 

S. W. Parr. — ^Any kind of nitrogenous compound. 

Reinhardt Thiessen. — In albumin, the nitrcgen is in a ring of the 
molecule and albumin cokes; you have a residue there. 

8. W. Parr. — ^Very true; but I cannot think of it as staying in an 
organic ring compound over into the coke form. 

Reinhardt Thiessen. — Not if you add free nitrogen or ammonia? 
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S. W. Parb. — I cannot recall results on ammonia. 

Reinhardt Thiessen. — Of course, I do not want to infer that all 
nitrogenous compounds in coal are in the form of ring compounds; a very 
large number of nitrogenous compounds are not ring compounds. Bac- 
teria and fungi hydrolyze many plant substances and use for their energy 
supply those products that are fermentable. In the case of the gluco- 
sides, part of the hydrolytic products contain, besides the ^ucose, a ring 
compound. The former is fermentable, but the latter is not and con- 
tributes to the bog. 

The alkaloids are ring compounds in which a nitrogen atom forms 
part of the ring. These compounds are ordinarily not fermentable. 
The following are a few well-known members of the alkaloids: piperidine, 
nicotine, conine, quinoline, quinine, stiychnine, cinchonine, cocaine, and 
atropine. The purine bases form another group of plant compounds in 
which nitrogen atoms form part of the ring. All of these ring compounds 
are relatively stable and not attacked ordinarily by micro-organisms. 
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Coal and Oxygen 

By S. W. Parr* and F. B. Hobart, Urbana, III. 

(New York Meeting, February, 1925) 

Studies relating to the behavior of coal toward oxygen may have 
for their purpose the determination of the fundamental factors that 
underlie spontaneous combustion, weathering and deterioration, and 
the general topic of storage, as well as those properties that have to do 
with the underlying principles of carbonization. There is also involved 
the possibility of developing information relating to the constitution of 
coal, or at least the chemical properties inherent in the type substances of 
which the coal is composed. It is the purpose here to record certain 



results bearing on this latter idea of the chemical properties that 
characterize the main constituents of bituminous coal. 

The avidity of freshly mined coal for oxygen has long been known. 
What happens to the coal or to the oxygen is not so clear. Is the oxygen 
absorbed or chemically combined, and what are the conditions as to 
time, temperature, texture, or components that are most involved in 
the phenomenon? 

it we subject a weighed quantity of coal maintained at a constant 
temperature to a current of oxygen, we may obtain three factors of 
interest — ^the weight increase of the coal, the weight of the water, and the 
weif^t of the carbon dioxide formed in the reactions involved at that 


* Professor of Applied Chemistry, University of Illinois. 
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temperature. In the apparatus shown (Fig. 1) 20 gm. of coal, ground to 
pass through a 60-me^ sieve, is subjected to a hi|^ vacuum until 
moisture-free before being subjected to the oxygen atmosphere. The 





specific temperature is' maintained by using in the flask a liquid having 
the desired boiling temperature, using xylene for 140®, water for 100®, 
carbon tetrachloride for 75®, etc. At first, weighings are made daily; 
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later, as the reactions become less pronounced, at two or three day periods. 
For wei^ng, the boat is transferred to a tube with telescoping cover for 
protecting against moisture changes while cooling and weighing. Fig. 
2 diows the log of weights covering a period of 44 days; the striking fact 
is the constant increase in weight, notwithstanding the continuous 



discharge of H*0 and COj. A notation should be made concerning the 
preliminary period of five days in which the attempt is made to bring the 
system to an equilibrium by passing dry purified nitrogen through 
the apparatus. In the chart, as shown, there is a small evolution of 
water at 100®, accompanied by a slight increase in weight; the latter is 



probably due to nitrogen absorption, the former to activities already 
possible in the coal substance. They are not of sufficient moment to 
affect the main reactions that are in evidence on the admission of oxygen, 
as shown following the fifth day. 

The corresponding values for temperatures other than the one shown 
are similar but vary in amount for a given period, as effiown in Fig. 3. 
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This fact is also shown in Fig. 4, where the values for CO* as derived at 
different temperatures are assembled for illustrating this point of acceler- 
ated activity at higher temperatures. At room temperatures, the 
reactions are so slow as to require graduations to be shown in weeks 
instead of days; Fig. 5 gives the values for tests running through a period 
of 46 weeks. In comparing these values with those of Figs. 2 and 3, 
it is to be remembered that the amount of increase per week, if extended 
to correspond to the daily changes of the higher temperatures, would 



Fig. 7. 



Fig. 8 — Cabbon-dioxidb db.bction 

TUBE. 


show the relationship to be the same as to the type of reaction, but vary- 
ing only in degree. A notation may be made to the indication sug- 
gested, especially in Fig, 5, that the accession of oxygen is first as an 
adsorbed constituent, from which it enters into molecular combination 
by addition. By heat, or after long time, the reactions proceed to the 
point of breaking down to the extent of discharging H 2 O and CO 2 . 
In much the same way, the reactions with air instead of oxygen are of 
the same order but less in amount for a given period of time. 
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If we have a parallel apparatus running under precisely the same 
conditions on the same coal, from time to time we may take out gram 
samples in their respective capsules for determining at various stages 





S. W. PABB AND F. B. HOBABT 


221 


experiment. A charting of the B. t. u. values derived from fhiese oondi* 
tions is made in Fig. 6; the almost complete al^ce of oxidation losses 
at 25° are consistent with the discharge of COs for that temperature, as 
shown in Fig. 4. A similar agreement for the other temperatures is 
shown between the loss in heat values, Fig. 6, and the weight CO* 
discharged, as shown in Fig. 4. 

Another series of tests was made on the same coals to determine the 
ignition temperatures in a ciurent of oxygen, the apparatus being ar- 
ranged to give also an indication for the appearance of COi when that 
product began to be discharged in sufficient volume to indicate positive 
chemical combination with oxygen. The method is similar to the one 
used by Parr and Francis* and Professor Wheeler;* the apparatus as 
designed by C. C. Coons* is shown in Figs. 7 and 8. These values for a 
type coal are shown in Fig. 9. In order to show the average values for 
coals of the Mid-Continental type, the ignition temperatures for a 
number of such coals are given in Table 1. 

Table I— Ignition Temperatures of Illinois Coals 

Ignition 
Tbmpsratube, 
Dbobubs C. 


Perry Co., Majestic Mine, DuQuoin 158 

Perry Co., Dowell Mine, DuQuoin 159 

Perry Co., Willisville Mine No. 6 15'J 

Perry Co., Clinch 157 

Perry Co., Gayle Coal Co., Strip Pit 153 

Perry Co., Scott Smith Co., Strip Pit 152 

Jackson Co., Consol. Coal Co. No. 9 159 

Jackson Co,, Gus Blair Mine No. 3 159 

Jackson Co., Carbondale 169 

Jackson Co., Murphysboro No. 1 167 

Jackson Co., Murphysboro No. 2 153 

Jackson Co., Murphysboro No. 3 157 

Vermilion Co., Westville 153 

Vermilion Co., Danville Strip Mine 153 

Randolph Co., Percy 159 

Williamson Co., Herrin 159 

Franklin Co 153 

Marion Co., Odin 159 

Saline Co., Harrisburg 157 

Montgomery Co., Nokomis 153 

Sangamon Co., Riverton 153 

Grundy Co., Leland Mine No. 7, Verona 152 

Madison County, Livingston 147 


Suppose that we maintain corresponding samples of coal in a current 
of air at 150® C. for specific periods of time and plot the ignition tempera- 

‘ S. W. Parr and C. K. FVancis, Univ. 111. Eng. Exp. Sta., BvU. 24 (1908). 

* JnZ. Chem. Soc. (1918) 118, 945. 

* S. W. Parr and C. C. Coons, Ind. dk Eng, Chem. (1925) 17, 118. 
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tores as the oxidation absorption increases; these results, shown in Fig. 
10, indicate a positive change in the coal sutetance. 

We e(Hne now to some data obtained from the combination of oxygen 
with that constituent of coal, for want of a better term, designated as 
the cellulosic residue. It is apart from our purpose to attempt to account 
for or even dassify this constituent further than to say that it is the 



evolved for the original coal, insoluble residue, and soluble extract are 
given. These values show distinctly the pronoimced activity of the 
imolulde or cellulosic residue. 

By submitting oxidized insoluble residue to the process of fractional 
deoiHS^KNSttion and comparing the results obtained at the same tempera- 
ture on a fredi unoxidized sample, the values ^ven in Tables 2 and 3 
ate obtoined. Tlie most dgnificant temperature over the range used 
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was at 300^ C* and the analysis of the gas yield at that temperatuio is 
given for fresh and oxidized coal in its normal state and for the re&adue 
insoluble in xylene from the same coal similarly treated in the fresh and 
oxidized condition. The avidity of this part of the coal constituent 
for oxygen is certainly marked and serves to define the character of this 
material as being of the humic or residual cellulosic rather than of the 
resinic type. Going back also through the experiments^ as outlined, 
indicating the oxygen absorption and discharge as H 2 O and <;! 02 , it is 
at once apparent as to the coal component involved in the reactions, 
as also its general character and the part it plays under such conditions 
as storage, weathering and carbonization. 

Table 2. — Constituents at 300° C. in Cubic Centimeters per 100 Om* of Coal 


CO, 

niiiminants 

O, 

CO 

H, 

CH4 

C,H, 


Fbsbh Qxzdbxd 

86.6 1073.1 
4.0 11.6 
4.8 4.6 

21.2 196.2 
3.7 .7 
19.8 29.3 

9.6 24.4 


Total volume 


148.6 1339.7 


Table 3. — Constituents at 300° C. in Cubic Centimeters per 100 Gm. of Coal 
Residue Insoluble in Xylene 

FbSSB OZIDIZBO 


CO, 

Illuniiiiaiits 

O, 

CO 

H, 

CH4 

C,H4 


163.2 1423.0 

6.2 2.4 

7.6 2.7 

48.6 191.2 

10.6 3.1 

13.2 2.4 

6.1 0.0 


Total volume 


243.3 1624.8 


DISCUSSION 

J. D. Davis, Pittsburgh, Pa. — ^I agree that we have got to find out what 
starts the combustion. We have to go to find out the sensitivity of the 
coal to those low temperatures. The author is working on the lines of the 
rate of absorption of oxygen; at the Bureau of Mines, we are studying 
the rate of heating. We have found that the two methods agreesofaras 
we have been able to check them and that the rate of spontaneous heating 
is proportional to the rate of absorption of oxygen. I was going to ask 
if the author has studied the effect of mixing coal that had been oxidized 
with fresh coal. Men having storage problems believe that fresh coal 
should not be placed on top of old coal, that a fire will result if it is. 
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This experiment of detennining the amount of carbon dioxide by 
distillation shows conclusively why a coal that has been oxidized or 
weathered would not work well in a combustion furnace. It explains 
very well the fact that the CO» would form a sort of a blanket over the 
fire and restrict combustion. Did the author find that the humus matter, 
or the reridue that he obtained by extracting the coal, absorbed other 
gases more readily than charcoal? It might be a question of physical 
absorption there rather than chemical. 

W. T. Thom, Jb.,* Washington, D. C. — When looking over analyses of 
samples from the Rock Springs field, Wyoming, I recall noting that 
samples of supposedly fresh coal collected from new crosscuts, 20 ft. 
from 38-year old workings, actually showed a large loss of B.t.u. value, 
and an increase in oxygen content and in apparent moisture content. I 
assume that the process of alteration in that instance is similar to that 
producing the change shown by the authors’ 25° curve, except for the 
greater change due to the great lapse of time in the case of the 
Wyoming samples. 

S. W. Pabk. — I have a chart in which these measurements have been 
taken at 25° and at normal temperature for seven months; they are pre- 
cisely the same, only the angle is lower. As a verification of that if we 
prepared a sample under the standard conditions for the analysis of a 
frei^ coal, ground it in a jar mill, and enclosed it in a stoppered bottle 
(the sample was not oven dried, but dried at ordinary temperature 
of equilibrium), if we have occasion to repeat the work we would not 
think of taking the moisture value that we found on the coal originally. 
Invariably, it will have a higher moisture factor, perhaps only per cent, 
or so. 

At an outcropping of coal in Peoria County, samples of coal were taken 
and analyzed; they gave identical factors for a lignite, up to 20 per cent, 
of moisture and heat value, referred to the unit coal bases, for a lignite; 
that is below 14,000 B.t.u. per lb. of unit material. That was rather 
striking. We had not been willing to concede at any time that Illinois 
had any lignite coal, but when this working got back 100 ft. the coal was 
normal, absolutely like other coal in that zone. 

In our investigations, we have not tried any coal mixtures, but there 
is a good deal in the suggestion that this stage of catalytic activity may 
put old weathered oo^ in a mood to operate more readily on a fresh coal 
if they are mixed. 

H. J. Ross, Pittsbur;^, Pa. — ^R^rding the gases given off by the 
residue from oxidized coal, does that mean the residue from the extract? 

S. W. Pabb.— Y es. 

* (aeolognt in Charge ot Oeology of Fuels, U. 8. Geological Survey. 
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H, J. Rose. — ^We know that coal-seam outcrops are highly modified, 
but I presume they have not been exposed to temperature greatly in 
excess of 26® or 30®. 

S. W. Pare. — I do not know whether it would be consistent to answer 
that question by saying that at normal temperature, if the time is long 
enough, you will have this d^adation of heat value and all these others. 

H. J. Rose. — matter of centuries, for instance? 

S. W. Parr. — A matter of centuries, or at least, a good many years. 
Coal that started out in the lump form, that has been in storage for six 
years, does not show, let us say, over 2 or 3 per cent, of loss of heat. 
We ought not to generalize from so few illustrations, but the loss of this 
value at normal temperature is exceedingly low for any common length 
of time. But when you increase the time several years, it results in 
great loss of heat value. There may be exceptions to that, but as far 
as our coal is concerned, it seems to be substantiated. 

A. C. Fieldnbr, Pittsburgh, Pa. — Is the absorption of oxygen essenti- 
ally one of absorbing oxygen in the uhsaturated bonds of the chemical 
compounds in coal which later on at higher temperature split off water, 
CO 2 , or CO? 

S. W. Parr. — In general I would say yes; but there is much about that 
matter that is obscure and hard to put your finger on. My explanation 
would be that it first goes over into unsaturated compounds of the ring 
type; and then as that action becomes completed, even at normal tem- 
perature, it begins to split off. But if you increase the temperature 
when that split off comes, a little heat is jgenerated. Everything that 
we are doing would seem to give a basis for the idea that first there is 
adsorption, then oxygen enters into the compound, and, in the course of 
time, there is the splitting off into H 2 O and CO 2 . 

F. F. Jorgensen, Gillespie, 111. — ^Were any experiments made in the 
storing of coal by shutting off the oxygen? 

S. W. Parr. — Yes; we can store screenings just as well as anything 
else indefinitely, provided we shut off the oxygen. You cannot leave any 
possible holes such as would come from posts or girders or large lumps, to 
let the air in; but if you pack in fine coal, it will keep just as well as any 
kind. Thousands of tons are being stored that way now. 

F. F. Jorgensen. — You do not shut off all the oxygen; a limited 
supply of oxygen will stop that rise in heat and eventually the combustion 
of the coal. 

David White, Washington, D. C. — The lignite keeps as well as fine 
Illinois coal, for example, if moderately compressed. 

yoL. UExx. — 16 
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S. W. Pabb. — would hesitate to take any chances with lignite, but 
theoretically, you could store a lignite, sealing it so that no air could 
penetrate; but what is going to happen when you dig out some of that 
lignite and ship it a short distance, and the water it loses is replaced 
by oxygen? 

W. M. Gbant, Birmingham, Ala. — ^The Northern Pacific BaUroad is 
burning some lignite in its locomotives for the first time. It only allows 
about three weeks between the mining and consumption, because it has 
no place for storing the fuel any longer than that. 

David White. — ^Possible economies, if not more important results, 
would be effected by taking coal immediately from the mines and putting 
it to Ike retort process before it had a chance to take any oxygen. In 
aQ of our experiments on coal, we must take the greatest precautions to 
get materials as fresh as possible. The conventional analysis apparently 
represents more or less oxidized fuel in every sample except those of the 
hipest ranks. 
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Modern Views of the Chemistry of Coals of Different Ranks 

as Conglomerates* 

By a. C. FlELDNER,t AND J. D. DAVIS,t PITTSBURGH, Pa. 

(New York Meeting, February, 1925) 

The older coal chemist had a much simpler conception of coal than 
we have today. To him coal was a mineral composed essentially .of 
carbon, hydrogen, oxygen, nitrogen, sulfur, ash, and water, in various 
proportions. His studies on the constitution of coal were directed along 
the conventional lines of proximate and ultimate chemical analyses and 
making deductions from these data without any real appreciation of the 
fact that coal is a conglomerate of various chemical compoimds, including 
many of the most complex structures known to organic chemistry. 

The view of the modern coal chemist is well expressed by Franz 
Fischer,^ who says that while proximate and ultimate analyses are impor- 
tant both from the scientific and technical point of view, they tell the 
chemist no more concerning the number and kinds of chemical compounds 
that constitute coal than the reader would learn of the contents of a book 
if told that the printed contents consisted of 15 per cent, of the letter 
“e,'^ 5 per cent, of the letter 1 per cent, of the letter 4 per cent, of 
the letter etc. As the reader must have the grouping of letters into 
words and words into sentences, so the chemist must have the grouping 
of atoms into molecules and the proportion of each molecular compound 
in the coal aggregate before he acquires an adequate knowledge of the 
constitution of coal. Modern investigators^ are laying the foundation 
of a new chemistry of coal based on the biochemistry of plants and the 
chemical changes involved in processes of fermentation and decay. As 


* Published by permission of the Director, Bureau of Mines, 
t Superintendent and supervising chemist, Pittsburgh Experiment Station Bureau 
of Mines. 

t Fuels chemist, Pittsburgh Experiment Station, Bureau of Mines. 

^ Franz Fischer: Ueber den Stand der Kohlenforschung Schriften der Brehn- 
krafttechnischen Oesellschaft, E. V. Nr. 1, Wilhelm Knapp, Halle (Saale) 1919, 

p. 6. 

> David White and Reinhardt Thiessen: Bur. of Mines BuU. 38 (1913). 
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coal was formed from plant matter and as plant chemistry is better known 
than coal chemistry, it is most logical to start with the chemistry of plant 
constituents and of the known products obtained under the various 
posrable modes of decomposition under peat- and coal-forming conditions. 
American investigators, in particulw White and Thiessen, are attacking 
the problem by this method. From the point of view of paleobotany 
and biochemistry, they are endeavoring to trace the original plant con- 
stituents through the successive geological stages in coal formation, as 
exemplified in the coals of different ranks from peat to anthracite. 

In England, Wheeler and his co-workers are intensively engaged in 
separating individual constituents or similar groups of constituents in 
coal and comparing their properties with similar constituents of the 
plants of today. In Germany, Franz Fischer and associates at the Coal 
Research Institute at Miilheim-Ruhr, are vigorously attacking the prob- 
lems of the constitution of bituminous and brown coals by chemical 
methods of extraction with solvents, reaction with various reagents, 
decomposition by heat and pressure, and correlation of these results with 
a study of the biochemistry of the two principal plant constituents, lignin 
and cellulose. 

These are the leaders of research on the constitution of coal who are 
laying the foundation for our modern coal chemistry, which we will 
summarize briefly, using the American method of classifying coal 
by ranks. 

Classification of Coal bt Ranks 

The U. S. Geological Survey* uses the word “rank” to designate those' 
differences in coal that are due to the progressive change from lignite to 
anthracite, a change marked by the loss of moisture, oxygen, and volatile 
matter; and by an increase of fixed carbon. 

The classification of coal by ranks is essentially geological, and 
assumes a generally common origin from vegetable deposits analogous 
to peat. The difference in rank is due to subsequent biochemical and 
geological action rather than to essential differences in the original 
vegetation. Within the same rank there may be groups of coals of special 
characteristics that may be due to differences in the original material, 
as for example, the cannel and boghead coals in the bituminous rank. 

The various ranks assigned to American coals in progressive order, 
beginning with the youngest stage in coal formation, are lignite, subbitu- 
minous, bituminous, semibituminous, senuanthracite, anthracite. The 
bituminous rank is again subdivided into low-, medium-, and high-rank 
Irituminous coal; and the semibituminous into low- and high-rank 
Kmibituminous coal. 

* M. R. Ounpbell: Ilie Coal Fields of the United States. U. S. Geol. Surv. 
Prof. Paper 100-A (1917) 3. 
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' The criteria for classification are simple chemical tests and physical 
characteristics of the coal; the proximate analysis is sufiScient to differ- 
entiate the ranks from bituminous to anthracite, but physical characteris- 
tics are essential in addition to the proximate analysis for identifying 
subbituminous coals and ligm'te. The distinguishing chemical and 
physical characteristics are given in Table 1. 


Table 1. — Chemiad and Physical Characteristics of Various Bardes of Coal 



Chemical Characteristics 


Rank 

Approxi- 
mate 
Moisture* 
Content, 
Per Cent. 

Fuel Ratio 
F.C. 
V.M. 

Physical Characteristics 

Lignite 

30 to 45 


Distinctly brown; either markedly clay- 
like or woody in appearance; falls into 
pieces on exposure to weather. 

Subbituminous 

18 to 30 


Black; no distinct woody texture; dis- 
integrates and loses moisture on exposure 
to weather but less rapidly than lignite. 

Bituminous 

3 to 15 

3 

But slightly affected by exposure to 
weather. 

Semibituminous. . . 

3to 6 

3to 7 

But slightly affected by exposure to 
weather. 

Semianthracite 

3to 6 

6 to 10 

But slightly affected by exposure to 
weather. 

Anthracite 

2to 3 

10 to 60 

But slightly affected by exposure to 
weather. 


® Normal mine moisture. 


A graphic representation^ of the proximate chemical analysis of the 
various ranks of coal and their calorific values is given in Fig. 1. Diagram 
(6) shows the progressive increase of fixed carbon from lignite to anthrar 
cite; diagram (a) shows a progressive increase in the calorific value from 
lignite to low-rank semibituminous coal. A diminution of calorific value 
then takes place as a result of the decrease in hydrogen content as the 
rank changes to the anthracites. Similar progressive increases in the 
total carbon content and decreases in oxygen content are found in passing 
from lignite to anthracite. It is therefore evident that the oxygen con- 
tent (or the carbon and hydrogen content as proposed by Seyler® in 
England) can also be used as a chemical criterion of the rank of a coal, as 
oxygen elimination is a progressive factor in coal formation. From the 


< M. R. Campbell: Loc. cU. 8. 

‘ Clarence A. Seyler: Fud in Sci. & Prac, (1924) 3, 16, 41, 79. 
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Fig. 1 (6). 

Fig. 1. — Chbhical composition and hbat bfficibnct of thb bsvbbal banks op coal, (o) Compabativb hbat yalub 

TH B SA MPLBS OF COAL BBPBBSBNTBD IN (6) COMPUTED ON THU A8H-FBBB BASIS; (6) VABIATION IN THE FIXED CABBON, VOLAT] 
MATTBB, AND MOISTUBB OF COALS OF DIFFEBENT BANKS COMPX7TBD ON SAMPLES AS BECEIYED ON THE ABH-FBEE BASIS. 
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tabulation of a large number of ultimate analyses of coal, White* con- 
cludes that 

except in the presence of nnasua! vatinttons of hydn^n or sulfur, the effidencies 
(calorific values primarily) of the coals, if ash be constant, rank nearly in the order 
of the ratios C.O, which in each kind of coal mark the progress of coal formation 
under dynamo-chemical influences. 

Parr'' uses this relation in proposing, as chemical criteria for the rank 
of a coal, the calorific value and percentage of volatile matter of the pure 
coal substance. His proposition takes care of that portion of the rank 
scale (low-rank bituminous coal, subbituminous coal, and lignite) where 
there is no significant variation in the total volatile matter but a marked 
increase in the proportion of COj and HgO in it due to the large pro- 
portion of oxygen in the coal. The method has further practical merit 
in that it does not involve ultimate analyses, which are infrequently 
made in technical laboratories. In America, most technical coal labora- 
tories are now equipped with reliable calorimeters. It is evident, then, 
that our proximate and ultimate analyses of the coal aggregate can be 
correlated, to a certain extent, with the dynamo-chemical stages in coal 
formation, and is of considerable use in technical evaluation of coal; 
yet such analyses fail to differentiate many important characteristics and, 
in themselves, have not advanced our knowledge of the chemistry of 
coal beyond the empirical stage. 

The Banded Constituents of Bituminous Coal 

The alternating bright and dull bands in many bituminous coals have, 
for years, occupied the attention of investigators of the constitution of 
coal. Stopes,® in England, proposed the names of “vitrain,” “clarain,” 
and “durain” for these bright and dull bands, and the name “fusain” 
for the powdery charcoal-like layers foimd on some of the cleavage 
planes of many bituminous coals, called “mother of coal” or "mineral 
charcoal” by other writers. 

Durain is the name given to the dull bands, and clarain and vitrain 
to the bright bands; the principal distinction between clarain and vitrain 
is that the vitrain has a more brilliant, glassy luster and is more vitreous fn 
structure than clarain. Under the microscope, vitrain is said to be oi 
uniformly structuieleas textaue; that is, no plant structure other than 
perhaps a few isolated spores or strips of durain. Thiessen, however, 
has been unable to confirm these observations with respect to the 
structureless nature of the glassy bright coal bands. He has always 

* David White: The hXect of Oxygen in Coal. Bur. of Mines BuQ. 29 /1911) 70. 

' S. W. Parr: The Classification of Coal. Jnd. & Eng. Chem. (1922) 14^ 920. 

* M. C. Stopes: On the Four Visible Ingredients in Banded Bituminous Coal. 
Proe. Royal Soc. (1919) B-90. 
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found typical plant-cell structure in all bright coal bands; it is, therefore, 
a question whether there is any real difference in the structure of darain 
and vitrain — it may be a question of technique in preparing thin sections 
and ob^rving them under the microscope. At least the names darain, 
durain, and fusain seem acceptable for the visible portions of banded 
bituminous ceal heretofore known as “bright coal,” “dull coal,” and 
“mother of coal.” 

Thiessen* has introduced the terms “anthraxylon” and “attritus” 
for classifying the ingredients of coal as shown by microscopic examina- 
tion. Anthraxylon is the undisintegrated coalified wood that shows the 
typical cell structure of wood. He has shown that the bright coal bands 
are essentially anthraxylon, being the coalified trunks, branches, and 
twigs of trees that were buried in the peat debris. 

Attritus consists of highly macerated plant debris and, imder the 
microscope, shows recognizable remains of leaves, bark, cuticle, spore 
and pollen exines, bits of plant tissue, all intermixed with resinous, car- 
bonaceous, and mineral matter. The dull bands of coal are made up of 
strips of anthraxylon in a groimd mass of attritus. 

The lerms used in England may, therefore, be harmotdzed if we 
consider durain as “dull coal” made up largely of attritus but containing 
more or less anthraxylon, and darain as “bright coal” consisting princi- 
pally of anthraxylon. It is not clear to American investigators where 
vitrain comes in, unless it is pure anthraxylon so completely coalified 
that the woody structure is recognizable under the microscope only in 
specially thin sections under the most favorable conditions of illumina- 
tion. Furthermore, the fact that anthracite, a late stage in the coalifica- 
tion process, shows abundant structure .when etched by a flame indicates 
that the characteristic woody structure is present in all coals of woody 
origin when the proper methods are used to bring it out. We have 
discussed these relatively new terms in coal constituent nomenclature 
because of the great desirability of coming to a common imderstanding 
in the further discussion of chemical treatment and separation of 
coal constituents. 

Separation op Coal Conglomerate by Organic Solvents 

One of the most promising methods of separating the constituents 
of coal into groups is by treatment and extraction with certain organic 
solvents, such as pyridine, benzol, phenol, chloroform, ether, etc. No 
coal or lignite dissolves completely in any of these solvents. Owing to 
the tendency of the extracted materials of coal to oxidize and polymerize 
it is extremely difiBcult, if not impossible, to follow through such s^ara- 
tions to definite identifiable compounds with any degree of certainty 

*B. Thiessen: Straoture in Paleozoic Bituminous Coals. Bur. of Mines BvU. 
117 ( 1 » 20 ). 
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the fixed compounds existed as such in the coal. Nevertheless, 
extraction witii inert solvents is probably the best method of isolating 
some oi tiie chemical compounds existing in coal in the least changed, if 
not in an undianged, condition. 

Amoi^ the most effective solvents for this purpose are P 3 uidine and 
boisol under pressure. Bedson,"* on extracting pulverized coal for 
several hours with boilii^ pyridine, obtained a dark brown solution, 
sometimes showing a green fluorescence. The amount of material 
removed by the pyridine varied from practically zero, with anthracite, to 
35 and 40 per cent., in good gas coals. 

The extracted coal had little or no coking property. Following 
Bedson, Wheeler^* and his associates introduced the method of separating 
coal constituents into three groups, termed alpha, beta, and gamma 
compounds, by extracting the coal first with boiling pjrridine and then 
extracting tire pyridine soluble portion with chloroform. They describe 
these compounds as follows: 

Alpha product, insoluble in pyridine, is a brown powder that, on 
destructive distillation, does not fuse and yields gas and very small 
quantities of tar, which consist almost entirely of phenols. 

Bda product, soluble in pyridine and insoluble in chloroform, is a 
brown powder and is only distinguishable from the alpha product by 
its solubility in pyridine. 

Gamma product, soluble in p 3 rridine and chloroform, has the appear- 
ance of a resin or lac and melts at 100° C. On destructive distillation 
it yields gas and tars, composed of olefines, paraffins, and naphthenes; no 
phmiols are produced. The residue is well fused and coked. 

Wheeler concludes that the -alpha and beta products are derived 
almost entirdy from cellulose, while the gamma product is derived from 
tire retinous constituents of coal. Recent work by Fischer and 
Schrader,^* however, furnishes very strong evidence that most of the 
cellulose disappears during the biochemicd stage of coal formation and 
that the degradation products of lignin contribute to the larger portion 
of coal, the cellulose having been decomposed to methane, carbon dioxide, 
and water by the action of bacteria. Thiessen has arrived at the same 
condusion as Fischer, from a study of the biochemistry of plant decay 
and observations of the changes taking place in some existing American 
peat bogs. 


** Bedaon: Traiu. N. Eng. Inst. Min. & Mech. Engts. (1899) 48 ; ltd. Soc. Chem. 
Ind. (1908) 27, 147. 

“ M. J. Btngesa and R. V. Wheeler: Jtd. Chem. Soc. (1911) M, 649. 

A. H. daik and R. Y. Wheeler: Ibid. (1913) lOS, 1704. 

D. T. Jones and R. Y. Wheeler: Ibid. (1914) lOS, 2562; (1916) 107, 1318. 

** F. Fbdier and H. Sehrader: Neue BeitrSge car Entst^ung and Chemischen 
Struktur der Ebhle. Bremutoff-Chem. (1922) 8, 65. 
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Another important method for separating coal into three groups of 
constituents is the extraction with benzol at high pressure and tempera- 
ture. Fischer^ and Gluud have carried out this method on bituminous 
and brown coals with benzol at 275^ C. under 55 atmospheres pressure. 
The residue was non-coking similar to the alpha and beta products of 
the pyridine-chloroform treatment. The extract contained the con- 
stituents responsible for the coking and swelling properties of coal when 
subjected to destructive distillation. These soluble constituents, which 
they called “bitumens/' were separated by further treatment with 
petroleum ether into a soluble oily substance, which gave to the coke its 
cementing properties, and an insoluble hard waxy residue, which seemed 
responsible for the swelling of the coking mass. 

In good coking coals, the bitumens melt at 300® to 350® C., and 
gradually decompose in part, giving off gases, the residual portion con- 
tinually rising in melting point and eventually hardening into a firm 
dense coke. The porous, weak coke, produced by high-volatile gas coals, 
is attributed to the distillation of a large part of the bitumens from the 
coal as undecomposed volatile matter. The non-coking of lean coals 
is due to the decomposition of the bitumens in the coal before they have 
been heated to their melting temperatures. 

Illingworth^^ has developed practically the same theory of coke 
formation based on the pyridine-chloroform separation. He ascribes 
the degree of plasticity of fusing coal to the amount of gamma or “ resinic " 
(7) components (soluble in pyridine and chloroform), and the melting 
point and viscosity of the melted gamma (7) constituents. The physical 
properties of the resultant coke are determined largely by the tempera- 
ture to which the coal is subjected in the coking process and the proximity 
of that temperature to the melting and decomposition temperature of 
the gamma constituents. He showed experimentally that approximately 
400® C. was the coke-forming temperature of coals producing porous coke, 
and from 430® to 450® C. for coals producing dense coke; and that, in the 
carbonization of intimate mixtures of any two of the three coal compo- 
nents, alpha, beta, and gamma, at temperatures varying from 450® to 
900® C., only those mixtures containing gamma substances were 
capable of giving a residue of a coherent nature. Illingworth estimates 
that the gamma compounds begin to melt at 200® C. and become fluid 
at 350® C., which is in agreement with the melting temperature of 
Fischer’s “bitumens.” Extraction methods of analysis will therefore 
serve as a guide in the selection of coals of the desired coking tendency or 
for the blending of coals to secure coke of the requisite density and 
strength for metallurgical purposes. 

F. Fischer, et al,: Cfea, Ahhand. Ztschr, Kennteis d. Kohl, (1917-1922) 1 - 4 . 

S. Roy Blingworth: CoU, Guard, (1920) 119 , 1441; Iron <fc Cool Trodes Ueo, (1922) 
104 , 576; Fud in BcL A Prac, (June, 1922). 
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Sinkinson** has shown that unsaturated hydrocarbon gases, puiiic- 
ularly those containing triple bonds, when decomposed by heat yield a 
compact finely divided carbon which has strong cementing {Hoperti^; 
doubtless this is the result of dose packing and the large surface energy 
thus involved. He thinks therefore that cementation of coke may be 
caused by thermal decomposition of unsaturated gases m contact with the 
carbonaceous mass. It may be remarked, however, that the concentra- 
tion of unsaturated compounds, even in low-temperature gases, obtained 
imder high vacuum is so low that it is hard to conceive of their having 
great influence on coke cementation. If we include the unsaturated 
compounds of the tar and also of its degradation product, pitch, the writers 
are willing to concede that thermal decomposition of the unsaturated con- 
stituents may be the main factor in coke cementation. Unsaturated 
compounds are easily decomposed by heat. 

The most elaborate attempts to separate and identify the constituent 
chemical compounds in ihe pyridine extract were made by Hofmann and 
Damm,*' who extracted 500 kg. of an Upper Silesian bituminous coal, 
obtaining 10 per cent, of the weight of the coal in the extract, and by 
Pictet, Bamseyer, and Kaiser,^^ who extracted 5^ tons of a Saar coal 
with benzol and obtained, after further treatment of the benzol extract 
with petroleum ether, an oil resembling tar amounting to 0.25 per cent, 
by weight of the coal. In this oil they separated and identified a num- 
ber of hydrocarbons, some of which they also found in the tar obtained 
by distilling coal in vacuo at low temperature. 

- Hofmann and Damm treated their pyridine extract with ether, 
washed the ether extract with alkali and acid to remove acids and 
bases, and then distilled the resultant neutral oils, which amounted 
to 16 per cent, of the pyridine extract or 1.6 per cent, of the original 
coal taken. These oils were then fractionally distilled and a number 
of saturated and unsaturated hydrocarbons separated and identified. 

One of the writers of this present paper visited Doctor Hofmann’s 
laboratory last summer and had the opportunity of seeing the substances 
that had been identified and the himdreds of other fractions that have not 
been carried through to completion. Such research requires a tremen- 
dous amount of painstaking and tedious work, much of which is of no 
avail because of the very small quantity of the final products obtained. 
Doctor Hofmann said he should have started with 5000 kg. instead of 
500 kg. of coal for the initial extraction. 

E. SinkinBon: Some Observations on the Transition of Goal to Coke. Ind, & 
Eng. Chem. (1S26) 17, 27. 

F. Hofmann and P. Damm: Mitt. SchlesiBchen Eohlen Forschtmgs Inst., Kaiser 
Wilhehn-GeselL (1922) 1, 116. 

Amd Pictet^ Louis Ramseyer, and O. Kaiser: On Certain Hydrocarbons in Coal. 
The Gas World (1917) 66, 21. 
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Nbt Result of Rbsbabch on Constitution of Coal by Extraction 

Methods 

Stopes and Wheeler** sum up the net results of the researches with 
organic solvents as follows: 

1. Evidence has been obtained of the presence in bituminous coals of small quan- 
tities of (presumably but little altered) resins extractable by ether. 

2. Free hydrocarbons exist in small quantities in coal. 

3. Whatever be the exact nature of its action, pyridine affords a means of ready- 
ing many coals in such a manner as to render subsequent chemical examination less 
difficult. 

In the opinion of the authors there has also been opened a promising 
field for study of the coking properties coals by the use of the pjrridine- 
chloroform method and by the benzol-petroleum-ether method of isolating 
the probable coking constituents for further study. 

Action of Chemical Reagents on Coal 

The treatment of coal with powerful chemical reagents, such as 
strong alkalies, concentrated acids, and oxidizing agents, has been one 
of the earliest methods for partly breaking down the coal conglomerate 
and isolating organized structure for examination under the microscope.** 

The action of alkalies, concentrated acids, and oxidizing agents 
is of particular interest because this treatment discloses the “humic” 
or “ulmic” nature of the bulk of material in coal, and its relation to the 
degradation products of the plant lignoceUulose, as distinguished 
from the hydrocarbons, waxes, and resins that comprise the gamma 
products soluble in organic solvents. • 

When peat, brown coal, or lignite is digested in a solution of caustic 
alkali, a part of the material appears to dissolve, imparting a deep brown 
color to the liquor. On acidifying the filtered solution, the dissolved 
material separates out as a brown fiocculent precipitate. This precipi- 
tated material has been given various names, the most common being 
“ulmic acid,” “ulmin,” “humic acid,” “humin,” and “humic sub- 
stances.” British writers have generally adopted the terms “ulmin” 
and “ulmic acid.” Most French, German, and American writers seem 
to prefer the terms “humin” and “humic acid.” The humins or ulmins 
are true colloids. Their constitution is not known; it is even doubtful 
if they are true acids. If we knew the chemistry of humins, lignin, and 
cellulose, we would know most of the chemistry of coal. 

>' M. C. Stopes and R. V. Wheeler: The Constitution of Coal. Fuel in ScL <£ 
Proe . (1824) 9 , 67. 

» M. C. Stopes and R. V. Wheeler: The Constitution of Coal.' Fuel in Sd dt 
Prae . (1924) S, 3S6. 
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Tbe amount of humic or ulmio add that can be extracted from coal 
givdi a rough indication of its geological rank. Thus 50 per cent, or more 
of peat will dissolve in alkalies; a much smaller proportion of brown coal 
and lignite, but yet enough to pve a deep brown solution; while practi- 
cally nothing is dissolved from true bituminous coal and anthradte. 
It is possible, however, to liberate the humic matter in high-rank coals 
by firat treating them with oxidising agents, as nitric acid; they will 
then color alkaline solutions brown. Slow atmospheric oxidation or 
“weathering” has the same action. 

Action of Oxtgen imoER Pbessttrb 

Fischer*** and associates have recently published a number of articles 
on the action of ojgrgen under pressure (40 to 53 atmospheres and 200° 
C.) on plant constituents and the younger coals (brown coals) in water 
suspension with and without the presence of alkalies. They found that: 

1. Cellulose, in the presence of water and alkali, at normal temperature and 
pressure of oxygen is converted into oxycellulose. 

2. GeUulose, in the presence of sodium carbonate and water, at 200° G. and 40 
to 53 atmospheres of oxygen is decomposed with the formation of lower fatty acids, 
as oxalic, fumaric, succinic, and traces of acids containing the furan ring. 

3. lignin is oxidized, in the presence of alkali, by air under pressure (200° C. , 
43 to 50 atmospheres) to aromatic acids among which are, mellitic, pyromelletic, 
isopthalic, and bensoic acids. 

4. Resins and waxes are partly saponified by beating under pressure (200° C., 
40 to 43 atmospheres) with alkalies. 

5. Brown coals are oxidized by air or oxygen under pressure (7 hr. at 200° C.) in 
the presence of alkalies to aromatic acids principally, as tidces place with lignin. 

6. Kmilar pressure oxidation of bituminous coal gave 40 per cent, of non-volatile 
organic acids, on^fourth of which were identified as aromatic acids, benzoic and 
phthalic acids amounting to 12 per cent, of the weight of coal taken. 

Fischer advances these results in support of his theory that the humic 
products in coal come from the lignin of the plants rather than from the 
cellulose. However, a number of other investigators are not ready to 
accept the b'gnin theoiy. In summing up the subject of the nlmin com- 
pounds in coal, Stopes and Wheeler consider the most rational theoiy at 
piesmit is that both cellulose and lignin, together with the plant proteins, 
contribute to the formation of the ulmins or humins. 

Action of Reducing Agents on Coal 

As early as 1869, Berthelot** found that carbonaceous matter, such 
as wood, could be largely converted into saturated hydrocarbons by 
heathy to 280° under , pressure in a water solution of hydroiodic acid. 

** F. Vkcher, tt al.: Oe». Abhand. ZUdir. Kenntn. d. Kohl. (1920) 4 , 8, 343; (1922) 
$, 141, 186, 235, 292. 

« Berthdot: Atm. Chim. Phyt. (1870) 20, 616. 
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Evm carbonised residues were attacked, provided they had not been 
heated to so hi|^ a temperature during carbonization that their hydrogen 
was practically all driven out. Recently Fischer and Tropsch** verified 
Berthelot’s results. They also succeeded in hydrogenating coals by 
heating with sodium formate and water in an autoclave at 400^ C. The 
yields of ether-soluble oils were for the different ranks of coal as follows: 
anthracite, 1.6 per cent.; bituminous coal, 9.2 to 39.2 per cent.; brown 
coal, 26.8 to 45 per cent. Good results were also obtained by heating 
to around 400^ with carbon monoxide and water under pressure. As to 
the question of what part of theeoal was attacked to the greatest extent, 
Fischer concludes that the constituents derived from lignin were most 
strongly attacked.. Brown coals that were poor in bitumen gave the 
largest yields, indicating that the bitumens were less attacked than the 
humic matter. He believes, therefore, that the products are, to a large 
extent, aromatics but has not proved this. 

At the present time, the action of hydrogen on coal at high pressures 
and moderately high temperatures is being studied in a number of Euro- 
pean laboratories. Bergius” heats coal suspended in oil, in a steel con- 
tainer to about 400® C. under hydrogen pressure of 100 to 150 atmos- 
pheres. By this treatment he claims to convert 80 per cent, or more of 
the coal into oils. Not much information is given as to the nature of 
the oils obtained, but it is presumed^ that they consist of phenols and 
hydrocarbons, the latter being similar to those obtained from petroleum. 
Bergius' results have not been entirely confirmed, so far as the 
authors know. 

Shatwell and Graham^* have recently published a preliminary report 
of hydrogenation experiments by the Bergius method conducted at 
Birmingham University. They failed to obtain any more than 3 or 4 
per cent, of the coal in the fqrm of liquid products when bituminous coal 
unmixed with oil or phenol was treated at temperatures up to 425® C. 
and pressures up to 150 atmospheres. But when the coal was charged 
into the autoclave mixed with petroleum or phenol, they obtained liquid 
products in amounts up to 40 per cent, of the coal. Part of this liquid 
product was oil formed from the coal but most of it was in a form dis- 
solved in the ml or phenol. They have not reported on the nature of the 
chemical compounds in the liquid products. 

A significant conclusion from Shatwell and^Graham^s work is that 
the yields of products from the ^^clarain'' and ‘Murain’^ are approxi- 

** Franz Fischer and H. Tropsch: Die Umwandlung der Kohle in Oel, GebrQder 
Bomtiaeger, Berlin, 1924. Oeo. Abhand. ZeUachr. Kenntnia. d. Kohl. (1924) 5 . 

» German patents Nos. 301231; 303893; 309282. 

F. Fischer and H. Schrader: Brennstoff Chem. (1921) 2 , 161. 

* H; Q. Shatwell and J. 1. Graham: The Hydrogenation and Liquefaction o! Coal. 
Fud in Sd. dt Prac. (1925) 4 , 25. 
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mutely the sune and tiutt the liquids obtained gave almost identical 
analytical figures. This corroborates oUier evidence that much the 
lai^ proportion of the chemicid compounds in the durmn and clarain 
— ^that is, the dull and brif^t bands — ^ts the same. 


Dbstbtjctivb Distillation of Coal 

When coal is heated in a retort without access of air, the chemical 
compoimds composing the con^omeratf are broken down and probably 
react, to some extent, with one another, forming gaseous, liquid, and solid 
products. The proportions and nature of these products vaiy with the 
rank and kind of coal and also with temperature, pressure, and rate 
of heating. If the distillation is conducted very dowly in vacuo at a 
gradually rising temperature, the vapors suffer much less decomposition 
from secondary reactions than when conducted at high temperatures 
(1000° to 1200° C.), such as are used in gas and coke-works practice. 

Low-temperature distillation of coal in vacuo, therefore, affords 
another method of attack in the problem of the constitution of coal, 
although it must be recognized that the products obtained are practically 
all the results of reactions taking place in the coal conglomerate as a 
result of heating rather than a distillation of these compounds but of the 
coal. The object is to avoid secondary reactions as much as possible in 
order to get primary products that may be traced back to the original 
coal compounds. 

As pointed out in the beginning of this paper, the amount of volatile 
matter obtained from coals decreases as the rank of the coal increases. 
It has likewise been shown that the temperature at which the rate of 
evolution of volatile matter increases rapidly rises as the rank of the coal 
increases, from about 230°, with brown lignites, to 350° to 400° C., with 
anthracites. Also the composition of the gases given off varies in a fairly 
regular manner with the rank. The percentage of CO2, CO, and HgO 
decreases, and the percentage of CH4 increases from lignite to anthracite. 
This variaticm would be expected from the progressive decrease of oxygen 
as the rank increases. 

In general, the low-temperature distillation (up to 475° C.) of bitu- 
minous coals in vacuo jdelds tars consisting roughly of : 


COMBTTFUaNTS Pbb CxKT. 

Unsatufated hydrocarbons. 35 to 50 

Ni^htbenes and liquid para&is 35 to 45 

WghBT phenols (no carbolic acid) 10 to 50 

Aromatic conq>ounds 0 to 10 

Solid pam&ffi A little 

BensenSy toluene^ anthracene, naphthalene Absent 
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Jones and Wheeler*® distilled separately, in vacuo at low temperatures, 
the alpha, beta, and gamma constituents of coal. The alpha and beta 
constituents yielded very small quantities of liquid products consisting 
mainly of phenols. The gamma constituents yielded 40 to 50 per cent, 
of distillate below 400^ C., consisting of paraffins, olefines, and 
naphthenes; there were no phenols present. 

The separation of the coal conglomerate by pyridine and chlordForm, 
therefore, offers one means of grouping into certain classes oCconstituents, 
in part at least, before distillation and gives a better chance to trace 
distillation products back to their parent coal compounds. 

Strache*^ sums up the effect of destructive distillation on plant sub- 
stances, peat, lignite, and coal as follows: 

1. Cellulose is not decomposed by heat under 100^ C.; at 270° C., it begins to 
decompose with such strong evolution of heat that the temperature immediately 
rises to 350°. The primary tar is easily decomposed by heating too rapidly; how- 
ever, by careful heating even at atmospheric pressure a 3rield of 24 per cent, can be 
obtained. Much carbon dioxide and water are evolved with the tar. The tar 
contains neutral oils and phenols in considerable amount; acetone, furan derivatives, 
and acetic acid, but no methyl alcohol. In vacuo, levoglucosan is formed and is 
distilled over. 

2. Lignin yields approximately one-half as much tar and one-third as much water 
as cellulose. The amoimt of neutral oil in the tar is considerable and the amount of 
phenols and acids is much greater than with cellulose. Contrary to cellulose, lignin 
tars contain methyl alcohol. Following is a comparison of cellulose and lignin tars: 


Constituents 

Compositii 

Cellulose, 
Per Cent. 

on of Tar From 

Lignin, 

Per Cent. 

Neutral oils i 

31 

13 

Phenols 

1 8 

34 

Acids 

9 

16 

Water soluble organic matter 

52 

37 


3. The resins, hydrocarbons, and waxes, extractable from bituminous coal are 
partly distillable unchanged, and partly broken down into hydrocarbons of lower 
molecular weight, some of them being unsaturated. 

The bitumens in coal are the source of most of the tar and high heating value gas. 

4. The humic acids yield on destructive distillation, an insignificant amount of 
tar but much gas and solid residue. The distillation products (tar) contain much 
acetic acid and tar acids. No paraffin is present. 


^ D. T. Jones and R. V. Wheeler: The Composition of Coal. Jrd, Cffiem. Soc. 
(1915) 107 , 1318 

"H. Strache and R. Lant: Kohlenchemie. Akademische Verlagsgesellschaft 
M. B. H., Leipsig (1924) 552. 
voi*. uaci. — le 
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Wheder* and his associates state ihat they: “hope to be able Ulti- 
mately to correlate with definite morphological tissues or portions of 
tissues of the original coal plants, specific chemical substances now in or 
3rielded by coal." ¥ot example, they have obtained a quantity of pure 
cuticle, freed from the debris of the coal substance, sufficient to allow of 
a study of its behavior under different modes of heat treatment; from 
which the products of its destructive distillation can be determined and 
possibly its chemical constitution deduced. 

Conclusion 

In conclusion we may say that the modem views of the chemistry of 
coal take cognizance of the conglomerate and colloidal nature of coal. 
Microscopical examination has shown the presence of more or less altered 
plant remains in coal of all ranks. The difference in structure of the 
“bright” and “dull” bands of bituminous coal has been definitely shown. 
The bright coal is principally anthraxylon, the dull coal is largely 
attritus often containing small strips of anthraxylon; these are 
stractural differences. 

The best-known chemical method of resolving coal into groups of 
compoimds is by extraction with pyridine, followed by a subsequent 
extraction of the pyridine soluble portion with chloroform. The pyridine 
appears to act partly as a dispersing agent of the coal colloids and makes 
them accessible to the solvent action of the chloroform. The chloroform 
extract, or gamma fraction, contains the hydrocarbons, waxes, and 
“resinic” compounds. These appear to include the cementing constitu- 
ents and those that cause swelling in coke; likewise the compounds that 
yield the paraffins, olefines, and naphthenes in the liquid products of 
carbonization of coal. The alpha and beta fractions contain the bulk 
of the ulmic or humic products in coal. These products contain small 
percentages of nitrogen and organic sulfur. 

The question of whether the coal humins come from cellulose or 
lignin is not settled. The earlier theory that cellulose was the principal 
contributing factor seems untenable. Recent chemical research tends to 
favor the theory that lignin is the principal source. More light is needed 
on this question by further research on the earlier stages of coal formation, 
namely a study of peat taken from bogs at various depths and a study of 
the brown cosds and lignites. 

We hope that investigators (those in America, in particular) will carry 
on this work because America is so richly endow^ with coal deposits of 
many types and ranks, thus providing an unusual opportunityfor applying 
the newer chemicid method devdoped by European investigators to 
the correlation of constituents through the various stages of coalification. 

** M. C. Stopes and R. V. Wbeder: The ConstitutioB of CoaL Fuel in Sd. A 
Prae. (1924) 8, 133. 



DISCUSSION 


243 


DISCUSSION 

S. W. Pabr, Urbana, 111. — ^I wonder if we appreciate what a trans- 
formation has been going on in the methods of the study of coal. One 
thought that comes to mind is where will be the proper place to.start a 
reform in the matter of nomenclature? If we do not do that pretty soon, 
a reformation wOl be beyond hope. The vitrain, clarain, durain advo- 
cates are getting their terms well established in their country, while 
lots of us do not agree on these terms. May I ask if p3rridme is alto- 
gether satisfactory? The criticisms were that it was not a true solvent, 
but a reagent; is it satisfactory from the standpoint of possible increase 
of nitrogen compounds in the extract? We have been shyii^ at the 
use of pyridine, but our foreign brethren seem to adhere to it. The use 
of an oxidizing fluid is very pronounced and the assumption is that that 
is on the cellulose residue and not on the lignite. 

David Whits, Washington, D. C. — It has been my feeling that had 
the coal fields in Great Britain belonged to diverse geologic periods, as 
is the case in this country, with extensive deposits and production of 
lignite, subbituminous, and bituminous of different ranks, the British 
point of view and conclusions as to the four "ingredients,” and even as to 
the general evolution of coals, would be different from what they are now. 
Surely “vitrain” would not have come into use had the wood been 
followed from peat through its history. We see these jet-like lenses and 
layers — sometimes thick deposits — ^in anthracite as well as in coals of 
lower ranks; and sooner or later some one develops the right sort of slicing 
and illumination to bring out the fact that they are transformed wood 
or other plant tissue. Typical vitrains have been foimd by Doctor 
Thiessen to conast of wood transformed or, really, impregnated by 
humic (ulmic) matter. If the chemical deductions based upon “vitrain” 
by the British research investigators are true of the vitrain which is 
known now to consist of wood, then the vitrain, if there is such, that does 
not consist of wood, possesses apparently the same chemical features, 
and, chemically, loses its value as an ingredient, so-called, of coal. It is 
conceivable that we have in swamps precipitation of ulmic or humic acid 
material at times. None of us, I think, will dogmatically deny this. 
Yet, that it comprises what is commonly termed vitrain is stron^y 
and persistently to be denied. 

The evolution of coal seems to be regarded by our British colleagues 
with very great caution. They seem unwilling to commit tiiemsdves 
to the proposition that coal is the product of the progressive evoluticm 
of swfunp deposits, originally peats. Doctor Fieldner has qien^dly 
reviewed the question both chemically and paleontologically. The 
original deductions &om field geology are conclusive; it is very gratifying 
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to find them fully corroborated from the other two standpoints, — ^the 
microscope and the chemical laboratory. 

The term “rank” as applied to coal' was, I believe, first introduced in 
the Geological Survey to replace “grades,” which was equivocally used. 
A low-grade coal might be a high rank coal that was very dirty, or it 
might be a lignite. 

The choice of a word imposes the obligation to take a word not mis- 
used in the particular application or field. “Rank” seemed to meet the 
requirements. Rank, however, implies a degree of precision, or fixity, 
that is sli^tly misleading, but I do . not know a better word. T^ 
difficulty lies in the complete intergradation from rank to rank within a 
group or division of co«^, such, for example, as semibituminous. 

“Anthraxylon” does not appeal very strongly; vitrain is entirely 
supeiffiuous and should go overboard. Is there a word we can substitute 
for them that is either common English or that, defining itself, will be 
understood? 

Reinhardt Thiessen, Pittsburgh, Pa. — The word “xyloid” has 
been used for lignite; lignatoid is a word used by others. But a study of 
the literature shows great objection to these words. Finding that these 
residues in the coal were derived definitely and absolutely from the woody 
substances of plants, I sought diligently for a word, and consulted many 
scholars in various languages. I finally took “ anthrax,” the Greek word 
for coal, and “xylon,” the Greek word for wood, and combined them into 
“anthraxylon” meaning woody coal. I do not like the word any too 
well myself and have said so from the start. It is too long, too bungle- 
some, and too hard to pronounce, yet I could not find a word that would 
express the same meaning. In the meantime our English contemporaries 
introduced their words, which mean no more than our old words, dull coal 
and bright coal. Those words have been used for years and are so 
thorou^y embodied in our literature that they can not be ignored, so I 
never paid any attention to these new words, durain, clarain and vitrain. 

My observation during the last years shows that by far the larger 
part of ihe anthraxylon, those parts of coal derived from wood, are largely 
derived from the lignin in wood, but not entirely. 

A. C. Fibldner. — ^AU methods of extracting coal by solvents have 
certain disadvantages. For example, pyridine leaves some residual 
nitrogen in the insoluble residue. It is a question of whether this is 
simidy small amounts of adsorbed pyridine or whether pyridine combines 
wi^ certain constituents of the coal. ' Recent work by Pearson** proves 
that the action of pyridine is not wholly direct solution but to some extent 
dispersion, a fact that has been suspected for some tune. Pearson has 
demonstrated the colloidal nature of pyridine solutions of coaL Pyridine 


**A. R. PeatsDn; Jnl. 8oe. CShem. Ind. (1923) 68T. 
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nas the strongest action of any of the commonly used solvents for resolv- 
ing coal into different groups of constituents; as high as 20 to 35 per cent, 
may be extracted. 

Benzol extracts but a small percentage of coal at ordinary tempera- 
tures; at temperatures of 200® to 280®, it extracts more. Franz Fischer 
obtained as high as 8 per cent, on certain German coals. Decomposition 
of the coal, due to the high temperature, may have aided in making 
more of the coal soluble in benzol. This same question applies to the 
action of high boiling solvents like quinoline. The investigator has, 
therefore, to choose between two evils — either pyridine at a low tempera- 
ture with possible combination of certain constituents, or solvents at 
high temperatures in which some decomposition may have occurred due 
to the action of heat. 

Clabbncb a. Seyler, Swansea, Wales. — I am particularly interested 
in the discussion of the term ^^anthraxylon.'^ I think the word is a good 
one to express Doctor Thiessen’s conception that all bright coal is derived 
from lignified tissue, though I imagine that cortical tissues must be 
included as well as xylem. Without further investigation, it is impossible 
to be certain of the relation between anthraxylon, vitrain, and clarain, 
as used by Doctor Stopes. I think Doctor Stopes’s terms clarain and 
vitrain make a useful distinction between the bright glassy coal and that 
which has a silky luster, while durain and fusain distinguish two kinds of 
''dull coal.’’ These terms, like alpha, beta, and gamma compounds, do 
not commit us to any theory of the nature or origin of the substances. 

Note. — As the result of Doctor Thiessen’s kindness in instructing me during my 
visit to Pittsburgh (after the Meeting) in his technique, I am able to apply it to 
British coals and to compare it with the method of etching polished surfaces. I hope 
shortly to be able to come to a definite conclusion on the matter and trust that we may 
reach an agreement oh the use of the terms. 



246 


CONTACT ICBTAICOBPHISK OF SOME COLOBADO COALS 


Contact Metamorphism of Some Colorado Coals by 
Intnisives* 

By J. Brian Eby, t Washington, D. C. 

(New York Meeting, February, 1025) 

Ck>NTACT metamorphism of coals is any physical or chemical change in 
the character of a coal directly attributable to heat of surface or intrusive 
igneous rocks. Coal beds so affected are found in the United States, 
England, Alaska, Mexico, New Zealand, Greenland, and other countries. 
Particularly in the United States, there is a wide occurrence of contact 
altered coals; conspicuous examples are found in Colorado, Utah, New 
Mexico, Illinois, and North Carolina. 

During a recent examination of coal beds on Yampa River, in north- 
western Colorado, the author had an opportunity to make some detailed 
observations on the contact metamorphism of coals. In this field, coals 
over an area of 20 sq. mi. have been affected by dikes, sheets, and sills;’ 
samples of the coals were S3r8tematically collected and analyzed,^ with 
the view of obtaining more specific data on the character of these altera- 
tions. The investigation was threefold in purpose: to secure information 
on the lateral effects of a dike cutting a coal bed, on the range in vertical 
effects on coal beds overl 3 ring sheets or sills, and on the range in the 
vertical ^ects on coal beds underlying sheets and sills. Favorable field 
conditions, such as fresh outcrops and newly dug prospects, made pos- 
sible many of the field observations and collections. 

Ilie coals studied in this field belong chiefiy to the Mesaverde and 
"Laramie” formations. The Mesaverde coals, on the average, are blocky 
low-rank hituminous coals; the "Laramie” coals, which are considerably 
younger, are of subbituminous rank. The coals of both formations, in the 
northeastern part of the Yampa field, have been greatly affected by basalt 
intrusives, yielding all variations of carbonized coal from natural coke 
to the unaffected material. 

The igneous rock that directly affects the coals is a fine-grained olivine 
basalt that is intruded, in sheets up to 200 ft. thick, into the coal-bearing 

* Published by pennission of the l^rector of the IT. S. Geological Sarvey* 

t Assistant Geotogist, U. S. Geoloj^oal Survey. 

*H. S. Gale and N. M. Fenneman: The Yampa Ck>al Field, Colorado. U. S. 
GeoL Survey BxM. (1906), 297. 

> All analyses were made by the Bureau of Mines. 
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formations. These dieets have given rise to many wnaJI vertical dik!es 
and are themstives (^shoots from one or more of the large massive 
plugs ti>at make the topographic features of Pilot, Hooker, and Wolf 
Mountains. 

La.tebal Effects of Contact Metamorfhism 

Six samples of coal were collected in one 300-ft. prospect entry on the 
Crawford tract of the Moflfat Coal Co. The entry ended abruptly 
against a 25-ft. diabase dike. The percentage of fixed carbon for each 
sample computed on the “pure coal” basis and the relative distances of 
each sample from the dike are shown in Fig. 1. The curve connecting 



Fia. 1 . — Febcentaoeb of fixed cabboe in a coae bed ab detebmined bt biobt 

ANALTBEB OF SAUPLEB COLLECTED AT VABTINO DIBTANCEB FBOH A 25-FT. DIKE; COAL 
BED IB DNDEBLAIN BT A SILL; AT 9 IS SHOWN ATEBAOE OF 56 SAMPLES OF UNAFFECTED 
COALS. All analyses ABE computed on MOISTUBE- and ASH-FBEE BASIS. 

the points, therefore, represents the amount and trend of the carbonisa- 
tion of the coal bed at and near the dike. The shape of the curve, how- 
ever, is the result of the combined effect of the dike and a sill, about 50 
ft. thick, that is estimated to underlie the coal bed from 50 to 60 ft. The 
effect of the sill on the curve is discussed later. In view of the presence 
of the sill, the effect of the dike alone cannot be definitely proved by the 
curve. It strongly suggests, however, that the effect of the dike does not 
extend beyond the locality of sample No. 2, or beyond 15 ft. A sample 
collected in a nearby entry several hundred feet from the dike but in the 
same relative position to the sill shows a fixed carbon content of 92.0 
per cent. (Lab. No. A-3039), indicating that the sill without the dike is 
capable of carbonising a coal bed to the rank shown by samples No. 2 
to 5 in the curve. If it were not for the sill, it is believed the curve wouhl 
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be L ^ped — dropping almost vertically from 2 to about the -level of 9 
and then trending horizontally toward 9, which represmits the average 
fixed carbon percentage (moisture- and ash-free basis) of 56 samples of 
the unaffected bituminous coals of the region. 

The aureole of coking at the contact- of the coal bed and the dike 
extends from 16 to 20 in. into the coal bed from the actual contact. The 
coke is jointed into irregular hexagonal fingers from to ^ in. thick, 
which parallel in general the bedding planes of the coal bed. 

Samples of the coke and adjacent coal were collected and tested for 
porosity and density;* the results of these tests are listed in Table 1, 
together with three other tests for comparison: 


Table 1. — Porosity and Density Tests of Coal and Coke 



Porosity, 

Per Cent. 

Density 

Remarks 

1 

Coke, artificial 

45.5 

1.823 

Beehive coke given for comparison. 
At contact of HiIta KaH 

Coke, natural 

23.6 

1.500 

Coke, natural ......... 

9.8 

1.472 

At edge of aureole and uncoked 
coal. 

Coal anthracitized by underlying 
sheet. 

An average sample of low-rank 
Yampa bituminous coal. 

An average sample of Yampa sub- 
bituminous coal. 

Anthracite 

6.0 

1.503 

Bituminous 

8.5 

1.383 

Subbituminous 

15.47 

1.426 

1 


The porosity determinations given are of lump samples about ^ in. 
on the three sides, and the denaty determinations are of the materials 
making up the samples. The actual contact coke shows a porosity only 
one-half that of artificial coke. The porosity decreases rapidly to a 
minimum at the anthracite rank and then rises to over 15 per cent, in 
the subbitumjnous rank. It is interesting to note that the porosity of 
the subbitiuninous coal is considerably greater than that of the natural 
coke at the edge of the aureole but much less than that of the coke at 
the contact. 

The conditions in the coke oven and at the contact of a dike and coal 
bed are widely ditwimilar and Comparisons of the products are doubtless 
of more interest than value. Temperatures in coke and bsrproduct 
ovenc range from 950° to 1200° C.; the melting point of some of the basalts 
ranges from 1200° to 1300° C. Thus, while temperatures are somewhat 
comparable the differences in pressure and the initial character of the 

* By A. F. Melcher, Associate CSeophysicist, U. S. Geological Survey. Metliods 
used in uu^iiig the tests were similar to those for oil and gas sand samples. They 
were described in BuU. Amw. Ass. of Pet. Geol., November-December, 1924. 
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coals, more than the temperature, are thought to account for much of 
the dissimilarity between artificial and natural coke. In the oven, the 
the material is coked at atmospheric pressure and expands freely, provid- 
ing the large percentage of pore space shown in the table. In expanding, 
the material is permitted to become more thoroughly carbonised and the 
density of the coke grains is increased over that of the natural coke. At 
the contact of the dike and coal bed, the coal is imder great pressure 
(both from the overlying rocks and the intrusion of the dike), expansion is 
prevented, and a less porous coke is formed. Probably because the 
natural coke is less porous, carbonization is less complete and the grains 
of the coke are not as dense as in the artificial variety. 

Vertical Effects of Contact Metamorphism 

Samples of coals occurring above and below igneous sheets were 
collected to show the vertical range in the effects on coal beds of heated 



Fig. 2. — ^Logs op borb holbs pbospbcting fob coal beds ovbb a 75-pt. sheet; 

THE ANTHBACITE OP THE DRILLERS IS ALL COAL SHOWING EFFECTS OF THE SILL. 

rock masses. Fig. 2 is a correlation chart of logs of 16 holes put down to 
prospect for coal lying above a sheet from 75 to 100 ft. thick. The 
differentiation between anthracite and bituminous coal in the case of 
these logs was made by drillers and should be understood to mean only a 
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recognisable change in the character of the coal beds. The upper limit of 
this observed effect ranges from 60 to 110 ft. 

The lowest coal shown in log 5 was sampled in a short prospect entry. 
The analysis (Lab. No. A-3051)^ on the pure cosd basis, gives 84.3 per cent, 
fixed carbon for a fuel ratio of 5.36; this coal is of average semianthracite 
rank. The coal bed occurring 60 ft. above the semianthracite bed, in log 
5, was also sampled and analysed (Lab. No. A-^050); it showed 58.1 per 
cent, of fixed carbon for a fuel ratio of 1.38; this coal is of average bitu- 
minous rank. The coals in Fig. 2 shown within 50 ft. of the sill were not 
exposed and samples could not be collected. 

Fig. 1, showing percentages of fixed carbon for samples 1 to 8 (Lab. 
Nos. A-3042-3047 and A-3035-36), illustrates the effect of an underlying 
sheet. Samples 2 to 5 are anthracitized by a sheet that is estimated to 
xmderlie the coal by about 50 to 60 ft. Sample 6, taken close to the 
mouth of the prospect entry, does not represent a fresh coal, but 7 and 8 
are fresh samples. The gradual decline in the carbon content from 4 to 
8 may be interpreted either as due to the thinning of the sheet and the 
lessening of its effect or to an increased distance from the sheet. As the 
direction, on the ground, of the decline in fixed carbon content is from 
northeast to southwest, which coincides closely with the direction from 
the source of the sill to its feather-edge, the former interpretation is more 
likely to be correct. 

Two samples of coal were collected and analyzed from beds underlying 
a large sheet. In upper Mkhead Canyon, two coal beds outcrop at 26 
and 42 ft,, respectively, below a sheet 200 ft. thick. The bed 26 ft. 
below the igneous rock contains, on the pure coal basis, 92.8 per cent, 
fixed carbon for a fuel ratio of 12.88 (Lab. No. A-3166); this is a good 
anthracite. The coal 18 ft. lower contains 84.4 per cent, fixed carbon for 
a fuel ratio of 5.40 (Lab, No. A-3167) ; this is a semianthracite. 

SUBIMARY 

Igneous activity in the northeastern part of the Yampa coal field has 
locally affected many of the coal beds of this region. Samples of the 
coal were collected to throw some light on the character and range of the 
effects of these intrusions. 

Analyses indicate that a 25-ft. dike is limited, in its effect on a coal bed, 
to a distance of about 15 ft. Megascopic examination of the bed fails to 
reveal an observable effect for a lateral distance of more than 20 in. In 
a vertical direction, a sheet 75 ft. thick has affected coals up to an average 
of 80 ft. above the sheet. Analyses show that true anthracite is formed at 
least as far as 45 ft. above the sheet in this field and true semianthracite as 
far as 55 ft. above the sheet, provided the coals are not affected by dikes. 
It is also shown that a 200-ft. sheet or sill will alter to a true anthracite a 
low-rank coal occurring 26 ft, bdow the sheet; and to a semiantfaracite a 
coal occurring 44 ft. below the sheet. 
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DISCUSSION 

Gbo. C. McFablane, Oak Creek, Colo, (written disciuBion). — ^I 
agree witii tlie author that lateral contact metamwphism of coal does not 
extend far from contact. At the southeastern e(^ of tiie Yampa ccMd 
field, a dike of diabase 8 to 12 ft. thick cuts throu^ a 12-ft. bituminous 
seam. The coking extended back 17 in. from contact; at contact, coke 
(ash and moisture free) showed 90.6 per cent, fixed carbon; 17 in. from 
contact, 65.4 per cent, fixed carbon; 36 in. from contact, 54 per cent, fixed 
carbon. This latter is the normal fixed carbon percentage for the seam; 
the normal ash content is 5.20 per cent. The coke at contact showed 
10.20 per cent, ash; 17 in. away, 10.10 per cent.; and coal 36 in. away, 
5.8 per cent. ash. This would indicate a coke sdeld of 56 per cent. 

The metamorphism of coal seams by intrusive sills is much more 
interesting, as in the area studied by the author are commercial deposits 
of high-grade anthracite; metamorphosed from bituminous coal by intru- 
sive basalt sills 40 to 90 ft. below coal seams. 

On the Crawford tract, which is the original discovery and has the 
best showing of anthracite so far uncovered, there are two seams that 
have been carbonized by the basalt. The lower seam, which is nowhere 
over 3 ft. in thickness, is from 40 to 52 ft. above the sill and is, wherever 
opened, true anthracite with a carbon per cent, of 89 to 91. The upper, 
or big seam, is from 80 to 96 ft. above the basalt sill and in a distance of 

mile shows every grade of coal from bituminous to anthracite. Over a 
large area, the bottom split of the seam is true anthracite and the upper 
split semianthracite. In places, there is a range of 25 in the fixed carbon 
percentage between floor and roof of seam. 

As active prospecting is now under way, the prospect drift shown in 
Fig. 1 has penetrated the 25-ft. dike and has been extended 250 ft. beyond. 
The flxed carbon percentage has increased from 87.50, beyond the coke 
aureole, to 94.81 per cent., at face. The dike was determined as olivine 
basalt, the same as the sill. Beside the olivine basalt, there are three 
varieties of diabase dikes on the property. One variety is similar to the 
Pilot Mountain plug to the northeast and one variety, which is quite 
vesicular, is similar to the Wolf Mountain eruptive core to the southeast. 

From a comparison of the size of the vein and its ash content at differ- 
ent points where it is pure bituminous, with the thickness of the vein and 
ash content where the vein is pure anthracite, it would appear that 100 
lb. bituminous made 78 ^ lb. of anthracite. In the process the bitumin- 
ous coal lost 21)4 per cent, of its weight and 14 per cent, of its heating 
value, or 1730 B.t.u. per lb. On this basis and on the ultimate anal3rBis 
of the bituminous and the anthracite, the volatile distilled off was about 
as follows: 4(CH4) + NH, + 14(H,0) + 7H,. 
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Assuming that the temperature of the intruded basalt was 1400^ C. 
and that 60 per cent, of the heat radiated upward and 40 per cent, down- 
ward, and that the big coal seam, owing to the low heat conductivity of 
coal as compared with sandstone and shale, acted as a heat jacket, the 
60-ft. basalt sill would heat a 200-ft. belt of rock. The highest tempera- 
ture reached at the base of the big seam would be X 1400® C., or 

roughly 420® C. Besides the heat of the basalt, all the occluded mag- 
matic gases would collect under the base of the coal seam. These mag- 
matic fluids, consisting probably of water, chlorine, fluorine, and nitrogen, 
no doubt played some part in the process. The wide variations in the 
metamorphism of the big seam would indicate that the difference in 
porosity of ihe intervening sandstones and shales might cause local 
concentrations of these fluids under certain areas of the seam and thereby 
stimulate the heat reaction. It would also seem that anthracite of a 
fixed carbon percentage of 94 is a definite chemical compound CH 2 C 2 .C 2 . 
In this locality such anthracite would have an ash content of 8~12 percent, 
and a specific gravity of 1.50-1.53. 

The volatile matter given off by the coal during the carbonizing 
process is cut or cracked by the halogen and other reducing elements 
occluded by the cooling basalt. No doubt heat and a small quantity of 
water are enough to transform bituminous into anthracite. The anthra- 
cite crystallizes out of the pasty bituminous matrix like sugar out of 
S 3 rrup, only, in the absence of magmatic gases to act as exciters, the 
reaction requires more heat and heavier hydrocarbons are lost in 
distillation. 

In one place where the basalt sill is apparently unusually thick, the 
seam shows an ash content of 17 per cent, and a density of 1.88. The 
seam is shrunk in proportion to its high ash content. The author’s 
observation of a seam 42 ft. below a 200-ft. basalt sheet only being 
carbonized to semi-anthracite would also indicate fluids occluded by the 
basalt had a major part in transforming the bituminous seams. 

From the known rate of conductivity of sandstones, shales, and coal, 
the time elapsing between the intrusion of the basalt and the cooling 
to normal temperature was short, not over 400 years. 

W. T. Thom, Jr., Washington, D. C. — I would like to emphasize the 
point, brought out by the author, that water vapor or gas emanating 
from the sills is probably the major cause of the alteration of the coal, 
the heat radiating by conductivity of the rock being relatively of quite 
minor importance. 
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Progressive Regional Carbonization of Coals 

By David White,* Washington, D. C. 

(New York Meeting* February* 1925) 

Attention has been given to the sources and supply of the raw 
vegetal matter and the conditions of its submission to the process of 
sedimentation. An original and most valuable review has been made of 
the more important or significant chemical compounds originally con- 
tained in the organic debris, and of the biochemical changes undergone by 
the latter during deposition. Consideration also has been given to the 
factors controlling the selective biochemical decomposition, in whole or in 
part, of this debris, and the deposition, as sediments, of the undecom- 
posed plant structures and compounds, together with more or less of 
the so-called ^'ulmic,'^ or ''humic,'' organic decomposition products in 
colloidal solution. ^ 

Biochemical Changes End in Peat Formation 

The biochemical process terminates in the peat stage of coal formation, 
and with the cessation of this process organic sedimentation is completed. 
All subsequent changes result from geological causes and conditions. 
The deposits are in the form of peats of different types, organic muds, 
oozes, etc. They are essentially uncompressed and are wholly uncon- 
solidated, and their water content is great, amounting to over 85 per cent, 
near the surface of the deposit. Many of the chemical compounds remain 
as in the once living organisms; others are biochemically broken down and 
new ones formed. 

Geochemical and Geophysical Changes in Buried Deposits 
Subsequent Changes DynamochemicaV* 

The changes which subsequently take place through dehydration, 
lithification, and simultaneous progressive chemical alteration, by which 
organic sediments are advanced to brown lignite, subbituminous, bitumi- 
nous, semianthracitic, and graphitic ranks, are geochemical and geophysi- 
cal, and the process, which really is metamorphic,* takes place under 
dynamic influences. In fact, the essential changes, including loading, 

♦Senior Geologist, U. S. Geological Survey. 

^ See preceding papers in this volume. 

» D. White: Bur. of Mines Bvll. 38 (1913) 94, 127. 
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progressive dehydration, compression, induration, jointing, devolatiliza* 
tion, and refinement of cleavage, with gradual losses of carbon, hydrogen 
and o:sygen, which characterize progressive carbonization, are now in 
progress in most coal fields. Becent organic sediments are being more 
deeply buried, compressive thrusts producing buckling, faulting, and 
earthquakes, are still in action. To the progressive transformation, 
under geologic conditions and forces, mainly dynamic, of the buried 
organic matter, the writer has applied the term ‘Mynamochemical,'' in 
contrast with the biochemical processes which cover the first or peat 
stage of tomsformation of organic debris into coal or other carbonaceous 
sedimentary deposits.* 

Ranks of Coal Not Due to Original Differences 

It has been shown in other papers in this volume that the principal 
chemical compounds forming the plant substances have not changed from 
age to age of the coal-forming periods, notwithstanding the evolution mean- 
while of families, genera, and species. Woody tissue in thick secondary 
development, spores, pollen grains, pith, cambium, bark, leaves, epidermis, 
cuticles, glands, wound secretions, pigments, protoplasm, starches, gums, 
waxes, oils, and resins were apparently as plentiful in the Mississippian 
as in Tertiary peats. No essential chemical distinctions that might 
notably affect the composition of the biochemical deposit have yet been 
detected. Bacteria and fungi were varied and numerous. The waxy- 
fatty algae forming the bogheads and entering many cannels of the early 
Carboniferous appear almost indistinguishable from those of the boghead 
forming today — a fact not remarkable in view of the simple structure 
and low order of these plants. In all late Devonian and younger coals 
we have woody or distinctly xyloid types; beds rich in fusain, and deposits 
fonned largely of spores, resins or other hydrogenous debris. In fact, 
in their fossil components and original constitution, all coals, graphitic 
and anthracitic, bituminous and brown, have their counterparts in the 
peats and other organic sediments of the present day. The woody 
type or group, with much debris of stem, branch and twig, and more or 
less fusain, is the common type — ^the ordinary '‘humic’' type — of coal in 
all coal fields, as well as of peats laid down in the temperate and warmer 
moist climates of the present day. Genuine peat like that of today but 
silieified before compression under loading, has been found in the lower 
Devonian of Great Britain. The revelations of the microscopical study 
of tile coals themselves as described by Renault,^ Bertrand,* Thiessen, 
Jeffrey, Turner, and others find confirmation in the peat samples preserved 

« D. mite; Earn. Geol (1908) B, 292. 

* B. Benault: Sur Quelques Microorganismes des Combustibles Fossiles. 1900. 

*C. £. Bertrand: Concludons C^^rales sur les Charbons Humiques et les 
Charbcms de Parins. 1898. 
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in the calcitio and silieeouB “coal balls” formed at or near the surface of 
the Carboniferous peats in certain districts of Europe and America. 

Changes Due to Geologic Processes 

It is further to be noted that in one region or another peats (coals) of 
the common (humic or woody) type, cannels, and carbonaceous muds are 
to be seen in every stage of advancement by alteration through the 
successive ranks up to graphites and graphitic slates. There is no known 
chemical distinction and no physical d^erentiation, other than paleon- 
tologic, between the anthracite or the bituminous coal of the Cretaceous 
and that of the Carboniferous, the Tertiary and the Triassic. These 
significant circumstances give basis for the conclusion that the successive 
ranks of the ordinary woody coals — which undoubtedly were of essen- 
tially identical constitution and chemical composition at the beginning — 
are stages in the progress of the evolution of these coals, an explanation 
that finds support both in the laboratory and in the field. Coals in the 
retort or experimental furnace may be further altered (carbonized) to 
products nearly similar to the coals of higher rank. On the other hand, 
in a single coal field the same bed of coal, preserving all its depositional 
features and characters of fossil constitution, is seen to change graduaUy 
from one rank to another in passing from one locality to another. 
This regional change in a continuous bed, without change in type, 
may be seen in most large coal fields. It is the result of progressive 
regional metamorphism. 

Whether the organic substances laid down with the inorganic be much 
or little, structural debris, or humic solution, they form part of a sedimen- 
tary deposit never to be wholly obliterated in the course of subsequent 
dynamochemical changes. Carbonaceous residues will remain in the 
sediments. Once past biochemical action, wood cells and other tissues, 
together with exines, and algal cells, may later be reduced and even 
deformed or tom by pressure, and become shrunken by progressive losses 
of water, carbon, hydrogen, oxygen, and nitrogen, but the wasted vestiges 
will retain and define the original structure, even when completely 
carbonized. This has been satisfactorily shown in anthracite by Turner 
and Winter. Fusain is easily recognizable in the graphitic coal of Rhode 
Island, if the bed is not too badly crushed. 

Pboobessive Cabbonization as Obsebved in Dippebbnt Regions 

The United States offers unrivaled opportunities for the observation 
and examination of the progressive alteration of coal from rank to rank 
in a pven direction within a single basin. In horizontal or slightly 
dipping formations its coal measures extend throughout great areas. 
Its territory embraces coal deposits of Mississippian, Pennsylvanian, 
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Permian, Triassic, Jurassic, Cretaceous, and Tertiary ages. In rank 
they range from peat to graphitic. 

In connection with his studies of the Paleozoic floras and of the 
coals themselves, the writer has for nearly twenty years given some 
attention both to the contributions of raw vegetable matter from which 
the coals were formed and to the evidence of the progressive alteration, 
under geological conditions, of the deposits that is to be observed in the 
same formation and even in the same bed in passing from point to point, 
or from one side of the basin to the other. 

This progressive alteration (metamorphism), or ‘‘carbonization,’^ of 
the combustible organic matter in the deposit includes both the organic 
debris and the solidified decomposition products which form the binder 
of what was once peat or organic mud. 

“Fixed Carbon^' Used to Indicate Stage of Carbonization 

The states in which the increasing proportions of carbon actually 
exist in the coal is imknown, and no exact method appears to have been 
employed or even devised for determining its amount. We are therefore 
compeUed to fall back on the results of the very convenient, though 
inaccurate, unsatisfactory, even rather unscientific, ‘‘proximate analy- 
sis.” However, far as the proximate analysis, with its incompatibili- 
ties, may lie from the ideal of chemical truth, it nevertheless furnishes a 
scale indicating the amounts of conventionally accepted “fixed carbon” 
in the coals of middle bituminous and higher ranks, though it leaves great 
lack of information as to the progress of carbonization in the coals of 
lower ranks. 

In the coals below (as well as above) the middle bituminous rank the 
progressive evolution or carbonization of the fuel is closely indicated by the 
decrease of oxygen (ash and moisture-free basis) in the coals, or by 
the ratio of such oxygen to the total carbon. ® Unfortunately, the applica- 
tion of this method requires “ultimate” analyses, which may not be 
at hand. 

Since our interest relates only to the carbonization of the organic 
combustible matter in the coals, it is necessary to view the proximate 
analysis on the pure coal (ash-, moisture-, and sulfur-free) basis. Either 

F C 

the fixed carbon as recalculated or the fuel ratios may be employed. 

In the following pages “fixed carbon” will be used to mean fixed carbon 
in “pure coal.” 

Appalachian Trough 

The Appalachian trough presents probably the best region of the 
world for the observation of the progressive carbonization of the coals in 

* D. White; The Effect of Oxygen in Coals. U. S. Geol. Surv. BvU» 382 (1909) ; 
Bur. of Mines BvU, 29 (1911). 
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passing from one side to the other of a great syncline. In the northern 
portion of the ^ough we find coals of the same formation and, in some 
cases, in identical or very nearly contemporaneous beds extending with 



but slight interruption from one side of the trough about 300 miles to the 
other side. On the western side, in Ohio, the fixed carbon of the Alle- 
gheny formation is between 55 and 60, with several small “islands” of 
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slif^tly greater or less volatile matter. Netur tire meridian of Pittsbui^ 
the coals show fixed carbons of 60 per cent. Eastward the volatile 
matter falls off more rapidly and by the time Latrobe or Connellsville is 
reached, the coals are of coking rank with about 65 or 66 per cent, fixed 
carbon, while at Windber, or practically at the eastern margin of the 
Allegheny bituminous area, the fixed carbon approximates 83 per cent., 
the difference being about 20 per cent, in 70 miles. In the Broadtop 
field the fixed carbon is variable and hardly reaches the latter figure, 
though the basin is much farther to the eastward. We shall again refer to 
this field. Still farther eastward and bearing slightly to the north, the 
western end of the southern anthracite region shows a carbonization of 
barely anthracitic rank, while in the Lehigh area, farthest east, it 
approximates 97 per cent.; see Fig. 1. 

Between Clarksburg, W. Va., and the Georges Creek basin near 
Cumberland, Md., the Pittsburgh bed gains 22 per cent, in fixed carbon, 
the distance being only 70 miles. The lower Eittanning coal gains nearly 
as much between the Allegheny River and the Allegheny escarpment in 
Cambria County, Pa., the loss of volatile matter being 20 per cent, in 
about the same distance. 

A similar gradient is observed in passing from Ironton on the Ohio 
River to Quinnimont or Pocahontas (82 per cent.), or from the western 
outcrop of the Warrior coal field eastward to Birmingham, though the 
coals at the eastern margin of the latter field hardly reach the semibitumi- 
nous rank (75 per cent.). As in the Broadtop field, the coals of the Coosa 
and Cahaba basins, to the east of the Warrior field, show fluctuating fixed 
carbons, the greatest of which are but little in excess of that at the eastern 
edge of the Warrior field. 


Interior Paleozoic 

The r^onal progressive carbonization of the coals toward the east 
in the Appalachian troi^h, toward the southeast in the broad; flat 
Illinois-Indiana basin, and toward the south and ^t in the Mid-Conti- 
nent fields, is graphically shown by “contouring” of the fixed carbon in 
the map, which was compiled in small scale from state and regional 
carbonization maps by the writer in 1914.^ The contoius then drawn are 
subject to but slight revision in consequence of later coal-field exploration 
and, particularly, the extension of the areas covered by standardized 

^ D. White: Some Relations in Origin Between Coal and Petroleum. JvL Wadi. 
Acad. Sci. (map) (19l5) 6, 189-212. This map was prepared especially to show the 
relation of the regional progressive carbonisation of the coals to the general rank, as 
shown by gravity, of the dls in the same or underlying formations, and the extinction 
of commercial productivity of petroleum, except in insignificant amounts of white 
oils, in areas where tiie carbonisation of the coals in the normal sequence exceeded a 
potsentage approximating 63 to 06. This publication has long been out of print. 
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analyses made in the laboratories of the Bureau of Mines.* Larger 
scale mapping with contouring of the fixed carbon (isocarbs), based upon 
more voluminous data, have been published by D. B. Reger® for West 
Virginia, G. H. Ashley for Pennsylvania,^® D. R. Semmes^i for Alabama, 
and J. Brian Eby^® for southwestern Virginia and adjoining portions of 
Kentucky, West Virginia and Tennessee. Regional carbonization in the 
Paleozoic area of northern Texas has been discussed and mapped by 
M. L. Fuller.^* 


Western Cretaceous and Tertiary 

The Cretaceous and Tertiary coal basins of the Western States are 
generally much less extensive and deeper than those of the East, and in 
most cases the coals are of lower ranks. Nevertheless in many of the 
areas progressive carbonization is clearly shown in following the outcrops 
in the direction of greatest compression. 

The coals of the Fort Union (lower Eocene), which are mined in the 
northern Great Plains and Rocky Mountain region are brown lignites in 
North Dakota, as at Wilton and Lehigh, but when followed westward 
are found to be mainly black or extremely dark, but essentially lignite, in 
the longitude of Miles City and Glendive, Mont., while still farther west, 
near Red Lodge, they verge into the bituminous rank. The coals of the 
underlying Cretaceous advance in the same direction. The Fort Union 
coals are generally distinctly xyloid and are perhaps as uniform in their 

* For both approximate and ultimate analyses of coals from American coal fields 
see N. W. Lord: Analysis of Coals in the United States, with descriptions of mine and 
field samples collected between July 1, 1904 and Jime 30, 1910. Bur, of Mines 
Bvll. 22 (1912); A. C. Fieldner, H. I. Smith, A. H. Fay and Samuel Sanford: Analyses 
of Mine and Car Samples of Coal Collected in the Fiscal Years 1911 to 1913. Bur. 
of Mines BvU, 85 (1914); A. C. Fieldner, H. I. Smith, J. W. Paul and Samuel San- 
ford: Analyses of Mine and Car Samples of Coal Collected in the Fiscal Years 1913 
to 1916. Bur. of Mines BvXl, 123 (1918); A. C. Fieldner, W. A. Selvig and J. W. 
Paul: Analyses of Mine and Car Samples of Coal Collected in the Fiscal Years 1916 
to 1919. Bur. of Mines Bud, 193 (1922); Analyses of Kentucky Coals. Bur. of 
Mines Tech, Paper 308 (1922) ; G. S. Rice, A. C. Fieldner and F. D. Osgood. Analyses 
of Iowa Coals, Bur. of Mines Tech, Paper 269 (1921); Analyses of Ohio Coals. Bur. 
of Mines Tech, Paper 344 (1923); David White: The Effect of Oxygen in Coal. U. S. 
Geol. Surv. BvU. 382 (1909); M. R. Campbell: The Coal Fields of the United States, 
General introduction. U. S. Geol. Surv. Prof, Paper 100-A and J. A. Bownocker: 
The Coal Fields of Ohio. U. S. Geol. Surv. Prof, Paper 100-B. 

•Trans. (1921) 65 , 622. 

G. H. AMey and J! F. Robinson: Oil and Gas Fields of Pennsylvania. Penna. 
Geol. Surv. (1922) 1. 

“ D. R. Semmes and J. E. Brantley: Ala. Geol. Surv. BuU. 22 (1920) 54. 

« J. Brian Eby: Va. Geol. Surv. Bidl. 24 (1923) Plate 37. 

w M. L. FuUer : Earn. Geol, (1919) 14, 636. 

« A. G. Leonard and C. D. Smith: U. S. Geol. Surv. BuU, 341 (1909) 16, 36, 
62; U, S. Geol. Surv. Geol. AOaa, Folio 181. 
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constitution as the Paleozoic coak of Illinois. Proof of horizontal pres- 
sures increasing to the westward is abundant. 

In general, the carbonization of the Cretaceous and Tertiary coals in 
other regions of the Western States progresses toward the mountain 
uplifts, just as in the Montana-Dakota area. This is conspicuously the 
case in the Eocene coals of western Washington, where the carbonization 
advances from a semilignitic rank of 45 per cent, fixed carbon in the 
Chehalis and Eufaula region through the subbituminous and low bitumi- 
nous at Diamond and Ravensdale to coking rank at Carbonado and Wilke- 
son, while still farther to the east the coals near Fairfax and Montezuma, 
in the foothills of the Cascades, reach a carbonization of over 80 per cent. 
The coals higher as well as those lower in the same section change in the 
same direction, which shows that the differences are not due to fioral 
distinctions, nor can they be caused by differences in climate or progress in 
initial decomposition. Similar eastward progression in carbonization is 
seen farther north, in Whatcom County, near the northwest border of the 
state, where, between Bellingham and Glacier, the carbonization steps 
from 66 per cent, fixed carbon to 92 per cent. 

In the Glenwood Springs coal field of northwestern Colorado the 
upper Cretaceous coals outcrop practically continuously along the Grand 
Hogback from Newcastle and South Canyon on Grand River, through 
Diamond, Pocahontas, Sunlight and Gulch to Coal Basin. At the 
north the fixed carbon of the coals falls below 56 per cent., but as the beds 
approach the Anthracite-Crested Butte uplift, the coals change to higher 
grade bituminous, with 60 per cent, fixed carbon at Sunlight; coking coal 
with well-developed cleavage and 62 per cent, fixed carbon at Gulch, and a 
highly prismatic coking coal with 75 per cent, fixed carbon at Coal Basin. 
On the opposite (south) side the same coal measures outcrop in the Book 
Cliffs field and along the Grand Mesa until it reaches the Anthracite- 
Crested Butte uplift from the southwest.'^ Here again, the coal beds 
become progressively devolatilized as they traverse the district of increased 
compression near the uplift.^® Transition from bituminous through 
cooking rank to anthracite is also observed in passing from the southeast 
to Crested Butte and across to Floresta, where may be found anthracite 
indistinguishable by any criteria other than paleontological from some 
of the Pennsylvania anthracites. Tho Mesaverde coals of eastern Utah 
change from blocky, rather low bituminous to coking, rank with pencil- 
prismatic structure at Sunnyside on the east.^® 

w E. E. Smith: U. S. Geol. Survey BuU. 474 (1911). 

w H. a Gale: U. S. Geol. Survey BuU. 316 (1907) 264. 

W. T. Lee: U. S. Geol. Survey BvU. 341 (1909) 316. 

^•S. P. Emmons, C. W. Cross and G. H. Eldridge: U. S. Geol. Surv. Geol 
AUaa, Folk) 6 (1894). 

« G. B. Richardson: U. S. Geol. Survey BuU 371 (1909); Frank R. Clark: U. S. 
GeoL Survey BuU. (in press). 
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Ad exoeptiionally interestmg example of regional progressive metamor- 
phism of coals is found in the Trinidad-Raton district of southmi Colorado 
and northeastern New Mexico. In passing along the outcrops of these 
coal measures from Strong and Pictou, southwestward toward Trinidad, 
the coals of the VermejO and Raton series progress from a veiy low-rank 
bituminous, at the nor^, through successively higher ranks of carboniza- 
tion into low coking quality in the region of Berwind and Hastings, and 
on to excellent coking rank, with about 67 per cent, of fixed carbon, at 
Starkville and Sopris or Engelville. In this field the carbonization 
advances from the fiank of the Sangre de Cristo uplift southeastward 
toward the comer of the coal field, near Engelville; i. e., away from 
the mountains.^" 


Alaska 

In Alaska the coals of the Controller Bay field change from coking 
rank with about 77 per cent, fixed carbon to anthracite in passing from 
the northwest to the southeast, and in the Matanuska field they range 
from low-rank bituminous at the west to semi-anthracite or even to 
anthracite at the extreme east.** 

Relations of Cakbonization to Batholith Intbusionb 

It has been urged that the progressive carbonization noted above 
in Washington, Montana, and western Colorado, which takes place with 
steepest gradient as the mountains are approached, is due to the heat 
emanating from laccoliths, from batholiths, or from molten rock forced 
upward to form the cores, or along the axes of the ranges. An inspection 
of the geological maps of the coal fields shows that such rise of heated 
rock material in the process of mountain building can hardly account for 
the gradient in southwestern Washington, nor for that spreading from 
Anthracite to New Castle in Colorado, notwithstanding that the moun- 
tain on which Anthracite and Crested Butte are placed appears to be of 
laccolithic origin. 


Western States 

In northwestern New Mexico and southwestern Colorado the Creta- 
ceous coals grade upward in passing from the south toward the mountains 
in the vicinity of Durango, where they approach semibituminous rank. 
However, the same coals, Cretaceous in age, not only grade downward in 
carbonization to the southeast and southwest, a circumstance which 
should not be overlooked by the driller for oU, but the fixed carbon is 

« W. T. Lee: U. S. Geol. Surv. BuU. 762 (1924). 

« A, H. Brooks: U. 8. GeoL Surv. BvU. 269 (1906) 140; G. C. Martin: TJ. 8. 
Gool. Surv. BuU. 289 (1906) 18; BvU. 327 (1907) 41; and BuU. 600 (1912) 76. 
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lower also to the westward as the coals approach the flank of the lacco- 
lithic Ute Mountains. 

Most interesting relations between the direction of progressive 
carbonization, on the one hand, and the centers of intrusion on the other, 
are to be observed in the Trinidad field of Colorado. Here the coal 
advances in rank to the eastward — that is, in a direction away from the 
mountains — ^and the line of most rapid increase of fixed carbon may be at 
60° to the axis of uplift. Meanwhile the coal measures pass from their 
upturn on the flank of the Dakota hogback to a nearly flat position 
along the eastern border of the field. Portions of the field are cut by 
dikes or sheeted by basalts so seriously as to impair the quality of the 
fuel as well as to deter its exploitation. But while the coal is altered 
or even coked in contact with the sills, the metamorphism is purely of the 
contact type and distinctly local. 

Further, as shown in the Walsenburg and Spanish Peaks folios of 
the U. S. Geological Survey (Nos. 71 and 68), the group of great volcanic 
plugs forming the Spanish Peaks, from whose masses, several miles in 
diameter, the dominant system of intrusives radiates across the coal 
measures like sunbeams, lies in the northwestern part of the field. The 
fact that in passing from Trinidad northwestward to and around this 
center of igneous intrusion the volatile matter of the coals actually 
increases is most significant. Some of the coals of lowest carbonization 
yet reported in the basin lie at localities only a few miles from the great 
igneous stocks. 

The theory of metamorphism by batholiths and igneous intrusives is 
more fully treated by the writer in his chapters on the origin of coal** 
and the results of contact metamorphism have been specially discussed in 
J. B. Eby’s paper.** It is, however, worthy of note that in the Trinidad- 
Walsenburg field the coal appears to be virtually unaffected at a distance 
of more than a few feet from a thin dike. Generally there is little 
evidence of change either physically or chemically at a distance twice 
the thickness of the dike itself, even when the latter is comparatively small. 

In the coal fields of western Washington the coal measures, generally 
horizontal at the west, become closely folded, faulted, overthrust, and 
crumpled in the foothUls of the Coast Range. In this region the coals 
of low bituminoTis rank in the New Castle-Gillman area appear to be 
little, if any, affected by proximity to an igneous mass of truly mountain- 
ous proportions forming Squawk Mountain, but they are far more car- 
bonized in the region of evidently greater compression farther to the 
east (Snoqiudmie) and north (Cokedale). Willis reports that the coal 
nearest an eastward-lying eruptive mountain near Evans Creek has a 

» Bur. of Mines BvU. 38 (1913) 101. 

** Contact Metamorphism of Some Colorado Goals by Intrusives; see p. 246. 
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lower fixed carbon content than that somewhat farther from the igneous 
rock but stratigraphically lower. Apparently everywhere in this field 
the contact alteration of the coal is confined to a narrow zone not more 
than a few himdred feet from the largest dike. Thus, a thin coal bed 
that was converted to a brilliant anthracite near a dike more than a mile 
in thickness was seemingly wholly imaffected where again sampled less 
than a quarter of a mile from the dike. 

In the Trinidad district of Colorado, although some of the highest 
rank coal of the region is found in the lower part of Great Mesa, which 
culminates in a basaltic flow about 700 ft. in thickness, known as Fishers 
Peak, the highest coal of the series — that is, that nearest to the great 
outflow — ^appears to be highest in volatile matter, the successively 
lower coals being higher in fixed carbon, in conformity with the law of Hilt. 

The coal of the Cerillos field in New Mexico shows rapid increase of 
volatile matter where the wedge between it and the heavy sill above it 
thickens, while in the Controller Bay region of Alaska the highest 
carbonization is farthest from the dikes. 

Eastern States 

The volatile matter in the coals of the Southern Anthracite field, in 
Pennsylvania, increases through a distance of 65 miles to the southwest- 
ward, and is greatest at a point nearest to intrusives, probably of post- 
Triassic age, near Jonestown, about 10 miles to the southward. Still 
farther west, near the Susquehanna River, not far from Duncannon, 
the volatile matter is still greater in the Pocono (Mississippian) coals, 
which are, however, less than 5 miles from dikes. In the great bitumi- 
nous region of the Appalachian trough the only known dikes are peridotites 
in Elliott County, Ky., in the region of nearly lowest carbonization at 
the western border of the field, and in Pennsylvania near Brownstown, 
which is west of the coking belt. The dikes near Ithaca and Syracuse, 
which are similar in composition and may belong to the same system of 
intrusives, are far to the west of the zone of anthracitization, near which 
no evidence of intrusives is known. In southern Illinois the dikes at 
Eldorado and Harrisburg are passed some distance before reaching the 
area of maximum carbonization to the southeast, though a volcanic plug 
has been found still farther to the southwest, where coals stratigraphi- 
cally as low or lower are really higher in volatile matter. 

The falling off in the fixed carbon of the coals in areas compensated 
by overthrust, and in particular the backward drop toward the margin 
of the overlapping strata, to which reference will later be made, is con- 
clusively opposed to any theory that the carbonization of the coal in the 
direction of the axis of uplift is due to heat from deep-lying igneous rocks 
— ^batholiths or laccoliths. 
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PbOGBBSSIVS CaBBONIZATION and ThBTJST Ck>MPB]BSSION 

Both the study of the regional geology and the examination of the 
microscopical constitution of the coals themselves leave no room for 
doubt that in most of the American coal fields the differential carboniza- 
tion of the coals is primarily due to regional pressure-metamorphism. 
In the writer’s chapters of the bulletin by Dr. R. Thiessen and himself on 
the origin of coal,*^ the evidence is reviewed more fully than is here possible, 
and the different theories are briefly discussed. It will suffice, accord- 
ingly, in this place briefly to note only some of the principal facts, par- 
ticular attention being given to the compensating effects of folding and 
thrust faulting. 

Carbonization Progresses toward Sources of Thrust 

The increase of fixed carbon in the general direction of obviously 
greatest horizontal compression of the beds, so conspicuously evident in 
the Appalachian fields, is observed also in many Old World coal regions,** 
a circumstance which long ago led to the proposal of the horizontal 
pressure hypothesis. Failure of acceptance of the theory was, however, 
mainly due to the drops in carbonization and the variations in fixed 
carbon often found in strongly folded regions evidently nearer the sources 
of the pressure, and presumably subjected to greater stresses. Lack of 
increase in carbonization where still greater shortening of the crust plainly 
had taken place, was viewed as disproving the theory, and necessitating a 
different explanation such as (a) differences in the original composition of 
the plant substance in the coals of different carbonization; (6) different 
degrees of bituminization by hydrocarbons approaching from some outside 
source and impregnating the coals in different areas; (c) different tem- 
perature gradients, with consequently different degrees of distillation, 
resulting from igneous rocks occurring as batholiths, laccoliths, or intru- 
sions; (d) differences in age; or (c) differences in biochemical bacteria. 

Compensating Effects of Faults and Folds 

On the other hand, as the writer has pointed out,*® the areas of folding 
and faulting are areas in which the horizontal compressive stresses have 
been partially compensated and relieved by convolution and overlapping of 
the beds. Further, in every case this compensation took place before 
the maximum stresses were exerted. The strata in the Broadtop field 
and in the Cahaba and Coosa basins, for example, were never subjected 
to the final full power of the differential thrusts, which operated with 


Origin of Coal. Bur. of Mines BvU. 38 (1913) 91-130. 

^ Bur. of Mines BvU. 38 (1913) 13; X. Stainer: Ann, des Mines Bdgigue [3] (1900) 
S, 397, 629; W. A I. M.; van W. van der Gracht; Mem. Gov. Inst. Geol. Expl. Nether- 
lands (1900) % 113. 

*«Bur. of Mines BvSBL 38 (1913) 114; JnL Wash. Acad. Sci. (1915) 16; Trans. 
(1931) 66, 176. 
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intermittently increasing stresses throughout long periods, with incredible 
compressive force, and which in many regions were renewed perhaps at a 
different angle, at times of later diastrophic movement. The stresses 
ultimately exerted in these folded basins may have been actually greater, 
but preexisting lines of weakness or lesser competency of the horizontal 
strata permitted yielding before the highest compression that otherwise 
would have taken place endwise of the beds was accomplished. 

The Cahaba and Coosa basins in Alabama lie in wedges, each of 
which is not only folded somewhat, but actually shoved very obliquely 
upward to the westward over the edges of the strata in the region beyond, 
so that Cambrian rocks actually override Pennsylvanian. Therefore, 
the beds in these basins have actually endured less longitudinal compres- 
sion, though overthrusting and folding have permitted greater shortening 
of the arc in this region of undoubtedly greater intensity of westward 
horizontal thrusting. There is no question as to the greater horizontal 
compression the beds would have endured had there been no buckling or 
faulting. It is therefore quite natural not only that the coals of the 
Cahaba basin should vary in volatile content according to the structure 
and the position of the sample with reference to the fold but also that at 
many if not all localities the coals should be less devolatilized than those 
within the eastern edge of the flat-bedded Warrior field, against which the 
blocks containing the Coosa basin are overthrust, and which resisted the 
transmitted stresses without yielding. 

The Broadtop field in Pennsylvania lies in the midst of a folded 
region torn by notable thrusts (see Fig. 1), the full extent of which is not 
yet ascertained. Therefore, the strata of this field have never been 
submitted to the horizontal compression that would have been endured 
had the beds been held longer in a horizontal attitude by strata of greater 
competency acting in coordination with a more rigid basement through 
which the main forces were transmitted. The carbonization varies 
according to the mechanics of the structure, but it appears in no part of 
the field to be so high as it is near Windber, within the buttressed bitumi- 
nous field 25 miles to the westward. 

When, however, we pass around to the north of the great '' valley 
region'' of strong folding and faulting, in which the plication bows 
crescentically northwestward (see Fig. 1), we find the carbonization still 
advancing along beds essentially horizontal, until the coals approximate 
the anthracitic rank at Bernice. Still farther eastward, where the basin 
embracing the Northern Anthracite field is gently folded but not over- 
thrust, the coal is of typical anthracite rank, with a fixed carbon of over 
93 x>er cent. The highest carbonization of the anthracite region occurs, 
as might be expected, to the southeast in the direction of greatest thrust, 
where, in the Lehigh district, the fixed carbon reaches 97 per cent. 


Op. cU., 13. 
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It is important to obs^e that in going from the Lehigh district^— say 
Mauch Chunk — southwestward, along strike, the carbonization of the 
antiiuacite falls off as the coal basins extend out into the region of greater 
folding and faulting. This is well shown in the prongs of the Southern 
Anthracite field and of the Western Middle field.** 

FauU Effects Confirm ExplanaMon 

More conclusive proof of the production of advanced dynamochemical 
changes (carbonization) by essentially horizontal thrusting of the beds 
is found in tiie reaction to buckling and to overthrust seen immediately 
behind the faults along the fiank of or within the eastern margin of the 
bituminous coal fields themselves. If we follow the Allegheny front, the 
eastern border of the great Appalachian bituminous regions, around the arc 
of the above mentioned crescent and to the southwestward through 
southern Pennsylvania, Maryland, West Virginia, Virginia, and onward, 
it will be seen that in general the carbonization is highest where the beds 
in the zone bordering the coal field are less faulted and especially where 
less overthrust; but where the formations are overthrust at or hear the 
border, the fixed carbon falls, the drop being greater where greater com- 
pensation of the thrust was given by farther over-riding of the beds. This 
feature is strikingly illustrated in several areas in which the stratigraphy 
and structure have been mapped in detail. 

The fault which begins very close to Pocahontas, Va.,** originates 
rather abruptly in a low, narrow anticline which is quickly fractured, 
with increasing overthrust, without developing an arch of appreciable 
size, as it is followed southwestward parallel to the edge of the coal field. 
The compensation resulting from the thrust is immediately — ^in fact, 
iiutantaneously — observed in the declination of the fixed carbon of the 
coal for a short distance behind the fault, as shown in Figs. 1 and 2. 
The thrust grows in magnitude until near St. Paul, about 28 miles distant, 
Cambrian rocks lie on Carboniferous. Meanwhile the fixed carbon 
in the Pocahontas coal bed and in the overlying coals has rapidly declined 
from nearly 84 to about 65 per cent. 

Passing a few miles northwestward from any point on the fracture, 
the fixed carbon is found to increase quickly to a maximum, beyond which 
it falls off in a gradient comparable to that of other regions in the corre- 
sponding zone of the basin. The maximum carbonization also falls off 
gradually as the overthrust gains in magnitude. At the same time, 
however, the individual isocarbs, or lines of equal carbonization, hook 
around to the east against the fault line. This is well shown in J. B. 

** G. H. Ashley and J. F. Robinson: Penns. Geol. Surv. (1922) 1. 

**M. R. Campbell: U. S. Geol. Surv. Geol. Adas, Pocahontas Folio (No. 26, 
1896) and TszeweU Folio (No. 44, 1898). 
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Eby’s*® detailed mapping of the progressive carbonization of this region^ 
which through Mr. Eby^s courtesy the writer reproduces as Fig. 2. 

Pine Mountain^ a long anticline parallel to and about 15 miles within 
the eastern border of the coal field, and forming the western border of the 



Cumberland coal basin, is an overthrust, rather sharply developed fold, 
the maximum displacement of which is sufficient to bring the Devonian 
black shale partially into view. As this fault develops in magnitude 
toward the southwest the carbonization rapidly declines to less than 
62.5 per cent., and even below 60 per cent, before the fault dies out at the 


w Va. Geol. Surv. BvU. 24 (1923) Plate 37. 
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interseetion of the Elk Valley faiilt in northern Tennessee, beyond which 
point the carbonization again advances to 70 per cent. Just as the 
Vall^ fhult, last mentioned, marks an offset of the Pine Mountain fault 
to the southwest, so the Russell Fork fault in Buchanan and Dickenson 
Countries, Va., marks a shear zone offset at the northeastern end of the 
Pine Mountain fault. Thus, the Cumberland basin may be regarded as 
lying in a great block overthrust by older beds on the east, and itself 
[^oved a short distance (increasing toward the Southwest) across the 
edges of the flat-lsrii^ coal measures of the main coal field. As a result 
of these thrust-absorbing movements, the fixed carbon of the coals 
declines to about 60 per cent, throughout the southwestern two-thirds of 
the Cumberland batin, as shown in Eby’s map. Fig. 2. 

In crossii^ the Warrior coal field of Alabama the carbonization of 
the coals in the nearly horizontal strata advances from about 55 to 70 
per cent, near Birmingham,*^ where the great wedge containing the 
Cahaba field is thrust to the northwestward so that Cambrian shales 
overlie coal measures of Pottsville age. Here, again, some hooking 
backward of isocarbs immediately behind the overthrust is to be noted, 
though the anal 3 rtical material is not so ample as that in southwest 
Virginia. In both the Cahaba** field, which lies in the first great overthrust 
wedge east of the Warrior field, and the Coosa basin, next eastward, 
which also lies in an upward wedged block, the varying carbonization 
of the coals is in general scarcely more advanced than in those behind the 
edge of the Warrior field, as is to be expected. No coals are found farther 
east; but the very richly carbonaceous idrales, of Mississippian age, in 
northern Clay County, Ala., are partially graphitized, apparently through 
no other cause than increased regional thrust pressure. 

In l^e Eastern Interior basin which embraces the Illinois-Indiana 
coal field, slight fluctuations in carbonization are seen in the northern 
portion, but in the southern third the carbonization advances rapidly to 
the southeast, where it approximates 65 per cent, in the Saline valley. 
At this point buckling sets in, in evidence of thrust pressure from the 
southeast, and beyond here faulting accounts not only for failure in 
further carbonization but for variability and local decrease of fixed 
carbon. Here, as in the Cumberland basin, or in Alabama, the pro- 
gressive increase in fixed carbon may be observed not only in beds in a 
tin^e formation but in continuous or nearly contemporaneous deposits. 

The coals of the Mid-Continent field advance from a very low bitumi- 
nous rank in Iowa, northwestern Missouri, and northeastern Kansas, 

^Obarioi Butte: U. S. Geol. Surv. Qeol. Atlas, Birmingham Folio (No. 176, 1010). 

Butte: The Northern Fart of the Cahaba Coal Field. U. S. Geol. 
Sunr. BvU, 816 (1007) 76-115; The Southern Part of the Cahaba Coal Field. U. S. 
QeoL Surr. Bull. 481 (1911) 80-146; U. S. Geol. Surv. Geol. Atlas, Bessemer 
Vandiver Folio (in juess); U. S. GeoL Burr. Geol. Atlas, Columbiana-MonteTsl 
Folio flu press). 



DAVID WHITE 


to a carbonization of 60 per cent, in the vicinity of MuskogeCi Okla. 
Southeastward in this region the coals grade upward through semibitumi- 
nous to semianthracites, with fixed carbon in excess of 90 per cent, at 
the eastern end of the coal field, in Arkansas. Going w^tward along 
the southeastern border of this coal field, an overthrust zone known as the 
Choctaw fault is encountered. Behind this fault the carbonization of the 
coals rapidly declines as the fault increases in magnitude to the westward; 
also the isocarbs are conspicuously hooked backward as the fault 
is approached. 

Stress is laid on the carbonization gradient behind the thrust faults 
as unmistakably indicating the immediate effect of relative escape from 
the maximum compressive stresses of the area, and as indirect but 
corroborative proof as to the effectiveness of horizontal compression in 
the progressive regional devolatilization of the coals. It not only shows 
clearly the effects of relief of the beds immediately behind the overlap 
from the full force of the compressive thrust, but it reflects variation in 
the intensity of the horizontal stresses, due mainly to the mechanics 
of the structure and thrust transmission. 

Detailed studies based on more voluminous chemical analyses of the 
areas embracing several of the great thrusts, such as those at Pocahontas 
and Pine Moimtain, and in the Birmingham district, will probably result 
in data from which approximately to deduce the lines of transmission of 
the thrust forces through the massive and relatively competent rocks 
beneath the folded or even contorted strata and the thrusted wedges, and 
through the undisturbed horizontal strata riding competent beds beyond 
the faults or folds. The rate of catching up of the fixed carbon to the 
maximum behind the Pocahontas, Pine Mountain, and Choctaw faults 
seems to show a low gradient of the plane of thrust transmission to the 
now exposed strata in these areas. The width of the zone of abnormal 
volatile matter (decline of carbonization) depends upon the depth of the 
faulting. It may be added that local variations in fixed carbon, probably 
not due to original differences in the constitution of the coals, may owe 
their origin to local differential stresses such as produce local and irregular 
anticlines and domes. 

Cabbonization Greatest in Areas Resisting Greatest Thrust 

Stresses 

The greatest compression takes place on the side from which the thrust 
originates. From this point the force is gradually reduced (compensated) 
by actual compression of the rocks, if not by folding and faulting, so that 
the thrust is gradually weakened in passing farther and farther from its 
initial point. The general gradient in carbonization reflects the diminu- 
tion of horizontal thrust. The compressibility of many of the sedimen- 
tary rocks is more or less well known to engineers, but is not fully realized 
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intonection of the 13k Valley fault in northern Tennessee, beyond which 
point the carbonization again advances to 70 per cent. Just as the Ellk 
Valley fault, last mentioned, marks an offset of the Pine Mountain fault 
to the southwest, so the Russell Fork fault in Buchanan and Dickenson 
Counlaies, Va., marks a shear zone offset at the northeastern end of the 
Pine Mountain fault. Thus, the Cumberland basin may be regarded as 
lying in a great block overthrust by older beds on the east, and itself 
^oved a short distance (increasing toward the Southwest) across the 
edges of the fiat-lying coal measures of the main coal field. As a result 
of these thrust-absorbing movements, the fixed carbon of the coals 
declines to about 60 per cent, throughout the southwestern two-thirds of 
the Cumbm-land baton, as shown in Eby’s map. Fig. 2. 

In crossing the Warrior coal field of Alabama the carbonization of 
the coals in the nearly horizontal strata advances from about 55 to 70 
per cent, near Birmingham,*^ where the great wedge containing the 
Cahaba field is thrust to the northwestward so that Cambrian shales 
overlie coal measures of Pottsville age. Here, again, some hooking 
backward of isocarbs immediately behind the overthrust is to be noted, 
though the analsrtical material is not so ample as that in southwest 
Virginia. In both the Cahaba** field, which lies in the first great overthrust 
wedge east of the Warrior field, and the Coosa basin, next eastward, 
which also h'es in an upward wedged block, the varying carbonization 
of the coals is in general scarcely more advanced than in those behind the 
edge of the Warrior field, as is to be expected. No coals are found farther 
east; but the very richly carbonaceous shales, of Mississippian age, in 
northern Clay County, Ala., are partially graphitized, apparently through 
no other cause than increased regional thrust pressure. 

In i^e Eastern Interior basin which embraces the lUinois-Indiana 
coal field, slight fiuctuations in carbonization are seen in the northern 
portion, but in the southern third the carbonization advances rapidly to 
the southeast, where it approximates 65 per cent, in the Saline valley. 
At this point buckling sets in, in evidence of thrust pressure from the 
southeast, and beyond here faulting accounts not only for failure in 
further carbonization but for variability and local decrease of fixed 
carbon. Here, as in the Cumberland basin, or in Alabama, the pro- 
gressive increase in fixed carbon may be observed not only in beds in a 
single formation but in continuous or nearly contemporaneous deposits. 

The coals of the Mid-Continent field advance from a very low bitumi- 
nous rank in Iowa, northwestmi Missouri, and northeastern Kansas, 

**C3iarle8 Butts: U. S. Geol. Sorv. Oeol. AUas, Birmingham Pblio (No. 176, 1910). 

**C3iarle8 Butts: Hie Northern Part of the Cahaba Coal Fidd. U. S. Geol. 
Surv. BvU. 316 (1907) 76-116; The Southern Part of the Cahaba Coal field. U. S. 
OeoL Surv. BuU. 481 (1911) 89-146; U. S. Geol. Surv. OeO. AOm, Bessemer 
VaadiTer Folio (in Tpteu); U. S. Ged. Sunr. Oeci, Atta», Columbiana-Monteval 
Folio fin press). 




DAVID WHITK 


to a carbonization of 60 per cent, in the vicinity of Muskogee, Okla. 
Southeastward in this region the coals grade upward through semibitumi- 
nous to semianthracites, with fixed carbon in excess of 90 per cent, at 
the eastern end of the coal field, in Arkansas. Going westward along 
the southeastern border of this coal field, an overthrust zone known as the 
Choctaw fault is encountered. Behind this fault the carbonization of the 
coals rapidly declines as the fault increases in magnitude to the westward; 
also the isocarbs are conspicuously hooked backward as the fault 
is approached. 

Stress is laid on the carbonization gradient behind the thrust faults 
as unmistakably indicating the immediate effect of relative escape from 
the maximum compressive stresses of the area, and as indirect but 
corroborative proof as to the effectiveness of horizontal compression in 
the progressive regional devolatilization of the coals. It not only shows 
clearly the effects of relief of the beds immediately behind the overlap 
from the full force of the compressive thrust, but it reflects variation in 
the intensity of the horizontal stresses, due mainly to the mechanics 
of the structure and thrust transmission. 

Detailed studies based on more voluminous chemical analyses of the 
areas embracing several of the great thrusts, such as those at Pocahontas 
and Pine Mountain, and in the Birmingham district, will probably result 
in data from which approximately to deduce the lines of transmission of 
the thrust forces through the massive and relatively competent rocks 
beneath the folded or even contorted strata and the thrusted wedges, and 
through the undisturbed horizontal strata riding competent beds beyond 
the faults or folds. The rate of catching up of the fixed carbon to the 
maximum behind the Pocahontas, Pine Moimtain, and Choctaw faults 
seems to show a low gradient of the plane of thrust transmission to the 
now exposed strata in these areas. The width of the zone of abnormal 
volatile matter (decline of carbonization) depends upon the depth of the 
faulting. It may be added that local variations in fixed carbon, probably 
not due to original differences in the constitution of the coals, may owe 
their origin to local differential stresses such as produce local and irregular 
anticlines and domes. 

Cabbonization Gbbatbst in Abeas Resisting Gbeatest Thbust 

Stbesses 

The greatest compression takes place on the side from which the thrust 
originates. From this point the force is gradually reduced (compensated) 
by actual compression of the rocks, if not by folding and faulting, so that 
the thrust is gradually weakened in passing farther and farther from its 
initial point. The general gradient in carbonization reflects the diminu- 
tion of horizontal thrust. The compressibility of many of the sedimen- 
tary rocks is more or less well known to engineers, but is not fully realized 
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by most geologists. Experiments showing the measurable compressibility 
of granites and other igneous and crystalline rocks have been described 
by F. D. Adams, and by L. H. Adams and others.’^ 

Relative to ihe great horizontal stresses to which the strata in the 
Appalachian trough have been subjected, mention may be made of the 
caJculations by several eminent geologists of the shortening of the crust 
of the earth in different portions of the northern Appalachian region. 
Claypole,®* it will be remembered, roughly computed the contraction 
between the Allegheny front and Blue Mountain, 49 miles distant, at 9 
miles; and that 95 miles had been contracted to 16 miles between Blue 
Mouutain and the east side of Cumberland Valley. Lesley estimated 
the reduction by means of folding and faults at about 40 miles. More 
recently R. T. Chamberlin, an authority on tectonics, carefully calculated 
the shortening produced by folding alone of the Paleozoic rocks between 
Tyrone, Pa., and Marysville, Pa., 61.6 miles distant, at 10.2 miles. 
This estimate does not take into account the shortening effected by thrust 
faulting. Chamberlin also concludes that 9.5 miles have been reduced to 
4.75 between Marysville Bridge and Harrisburg. More recently Arthur 
Keith,*® than whom no geologist is more competent in knowledge of the 
stratigraphy and structure of the Appalachian region, has estimated the 
shortening that has taken place between tidewater on the east coast and 
the west side of the Appalachian trough at over 200 miles. 

Pressure, Temperature and Time 

The same metamorphic agencies that cause the devolatilization of the 
coals produce corresponding changes in the accompanying rocks, though 
these changes are not so marked until the later stages are reached. Dehy- 
dration of silts, compacting, progressive jointing and induration of sand- 
stones, limestones, and shales^ with, later, the development of platy 
cleavage and schistosity, with recrystallization of limestones, silicification 
of sands to quartzites, transformation of shales to slates, and deformation 
of grains or pebbles, take place while the peats are being progressively 
robbed of their moisture and reduced in volume by compression, and by 
loss of volatile matter in the form of gases, some of which probably 
condense in other strata, and while, in some cases, schistosity of the coal 
is apparently followed by cementation. In short, the regions of greater 
change in the coal show physical evidence of greater pressure. 

** Frank D. Adams and £. G. Ck)ker: An Investigation into the Elastic Constants 
of E^ks, More £q>ecially with Reference to Cubic Compressibility. Carnegie Inst. 
Was^. Pvb. 46 (1906); Leason H. Adams, Erskine D. Williamson and John Johnston: 
The Determination o£ the Compressibility of Solids at High Pressures. Jnl, Amer. 
Chem. Soc. (1919) 41, 1--42; Leason H. Adams and Erskine D. Williamson: On the 
Con^>ressibility of Minerals and Hocks at High Pressures. Jrd, Franklin Inst. 
(1923) 196, 475-530. 

W. Claypole: Amer. NgJturaliei (1835) 19, 257. 

** Arthur Keith: BvU. Goel. Soc. Amer. (1923) 84, 335. 
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Devolatilization of coal is still in progress in many parts of the world; 
in some districts the rate is almost insensible; in others it is not only 
clearly perceptible, but obvious.*® There is no line of demarcation 
between the different ranks of coal, the intergradation or continuity being 
absolute and complete between peat, lignite, and semigraphitic coal. 

The transformation of the fuel from the peat stage, or primary rank of 
coal, to the more advanced ranks, as it is grossly indicated by the pro- 
gressive reduction of the volatile matter in the fuel, is the product of the 
dynamochemical process. 

The effective pressures are essentially those of horizontal thrusting 
exerted in tremendous but varying force intermittently through long 
intervals, especially during periods of diastrophic movement. Genera- 
tion of volatile matter, including gases, in the beds, furnishes additional 
pressure. Pressure of loading assists in reduction of volume, mainly by 
dehydration, but its most important function lies in its aid to competency. 

The temperatures of coal alteration even, to the anthracite ranks, hav0 
almost certainly been relatively low. They are the results of heat of 
depth of burial, heat of chemical reaction, and, what is far more impoiv 
tant, heat of friction under the compressing stresses. The intermittent 
thrusts of generally increasing violence, exerted through long periods, 
with consequent actual horizontal compression of the rocks, can only 
have resulted in very great friction, the heat of which should be more or 
less cumulative. Observations by C. E. Van Orstrand of temperatures 
in deep wells on several anticlines in the United States indicate steeper 
temperature gradients as the axis is approached. This, however^ is 
perhaps wholly explained by the greater rapidity of erosion of the rock 
material from the top of the uplift as compared with the rate of radiation 
of the heat. 

The time during which the rock pressures have been exerted is 
geologic, and the pressure temperatures have probably been relatively low. 
It is important to note that essentially the same chemical results, so far 
as they are revealed by present methods of analysis, have been produced 
by greater intensity of thrust exerted through shorter periods, as by 
relative mildness of dynamic activity through a long period. This is 
well illustrated by the rapid advance of Cretaceous and Eocene coals to 
the coking and even anthracitic ranks in some of our western coal fields 
where, by forced marches, so to speak, the young coals have been brought 
to a stage of evolution as far advanced as the Paleozoic coals of western 
Pennsylvania or southern West Virginia. The accomplishment of 
relatively great alteration during a relatively short time premises more 
vigorous compressive stresses. In other words, the extent of the altera- 
tion of the coal depends on the duration as well as the intensity of the 

A striking Dlustration of copious escape of volatile matter is seen at the Coryell 
mine, near New Castle, Colo. 
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stresses. In the Paleozoic coal fields regional thrust compression has in 
some cases been accomplished during several periods. The eastern 
portion of the Appalachian trough not only was subjected to severe 
westward thrusting, with consequent buckling during the post-Paleozoic 
revolution, but the arc was further shortened at the time of post>Triassic 
compression. Further stresses were presumably exerted at the times of 
post-Cretaceous and post-Tertiary uplifting. 

Bearing in mind that folding and faulting tend to compensate and neu- 
tralize the thrust stresses and that the degree of devolatilization of the coal 
depends in general on the duration as well as on the intensity of the com- 
pression, it becomes obvious that in regions of initial equal stress the meta- 
morphism will, other things being equal, be greater in the districts where 
no buckling or overthrusting of the beds has permitted escape from the 
intensity of the thrust. The coal of the folded and especially the faulted 
areas may be less devolatilized than coal in other areas in which pressures, 
actually less intense, have continued for a longer period without relief. 

Time and temperature may, within limits, each be substituted for 
the other, in accordance with field geological observation and laboratory 
experiment, and pressure is partially interchangeable with both. 

The fact that under the same dynamic conditions coals of all ages 
— ^Paleozoic, Triassic, Cretaceous, and Tertiary — are brought to the same 
states or ranks, is proof that the ranks of the coal are not dependent on 
climate, ingredient matter, bacteria, or progress of initial decomposition. 
The fact that all the coals in the vertical sections are simultaneously 
advanced in passing into regions of greater sustained compression, 
regardless of type or ingredient material, shows that the geochemical 
changes are produced by a common dynamic cause. 

Metauobphism of the Obganic Matteb fbom Rank to Rank 

In the lower ranks of coal the principal chemical differences between 
coals of different types, but of the same rank, are due, as has been pointed 
out, to distinctive qualities inherited from the corresponding peats, they 
being due to the original ingredient constituents. At later stipes, in 
higher ranks, the original distinctions yield to the effects of dynamochemi- 
cal transformation, and become less conspicuous, while new qualities 
such as that which causes caking, originate in the course of the evolution 
of the coal. 


Inherited Qualities 

The relations between the chemical composition of the ingredient 
organic debris composing the depotit, on the one hand, and the peat 
f^gregate, the lignite, and the subbituminous derivatives, on the o&er. 
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are illustrated in the accompanying table,^^ which roughly shows also 
some changes in chemical composition, so far as the latter are indicated 
by the ultimate analysis, as the coals advance to higher ranks. 

In this table are given analyses representative of the principal types 
of fossil fuel deposits, each in the successive major ranks or stages of its 
evolution. The types are (1) the more or less distinctly woody or 
common humic '0 coals, (2) the canneloid types, (3) the ordinary sapro- 
pelic or bituminous shale, and (4) the algal sapropel or boghead coal. 
At the top of the same table are shown also the gross chemical com- 
position of some of the most important of the somewhat resistant plant 
substances and products originally contributed to the organic deposit. 

The directness with which each type of coal as seen in the different 
ranks reflects chemical qualities inherited from the plant structures and 
products surviving the biochemical process and characterizing the type 
of deposit in the peat stage is shown still more distinctly in the graphic 
curves of Fig. 3. 

These curves are subject to revision when ultimate analyses of typical 
pure algal bogheads in the lignitic and subbituminous ranks are. available, 
and they may be elaborated in details of very great interest when the 
analytical data obtained from coal samples systematically collected by 
the geologist in the fleld are so complete that, instead of quoting a single 
composite analysis as representing the average composition of coals of 
the particular type within the range of a given rank, it may be possible 
to submit a sequence of ultimate analyses illustrating the evolution of the 
type throughout the successive stages of that rank. Standard analyses of 
lignites grading from Pleistocene peats to the high-rank brown coals of 
Texas and North Dakota are especially needed. With such information, 
we should know at what point in the transformation of a given type of 
deposit the chemical changes marked by notable eliminations of carbon, 
hydrogen or oxygen occurred, with consequent effects upon the gross 
proportional relations of the other two principal ingredient elements. 
Such a series of analyses should also offer a better basis for speculation 
as to the hydrocarbons generated, including both those that remain in 
the solid residue and those that pass off as volatile matter. 

The effect of the carbohydrates, which predominate in the initial 
sediments forming the common (humic) coals, is seen in the high oxygen 
and the relative low hydrogen’^ and carbon contents of those coals, as is 
clearly shown by the curves. The large content of hydrogen in the 
resins, the waxes, and the waxy-fatty elements of the spore and pollen 

*^From manuscript of *^Some Relations between the Composition of Coals of 
Different Ranks and the Composition of the Initial Sedimentary Deposits,” con- 
tributed to the semi-centennial meeting of the Socidt4 G4ologique de Belgique, June, 
1924. 

**The vertical scale of the hydrogen curve is double that of the oxygen and 
carbon curves. 
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Table !• — Analyses of Humic Coals and Sapropdic Deposits 
(Ash, moisture and sulfur free) 

Humio Series SapropeUc Series 
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exines; and the cuticular secretions, which predominate in and charac- 
terize the cannel type, is clearly reflected in the cannel curves, which 
also emphasize the lesser oxygen and the higher carbon contents as com- 
pared to the ordinary coals. The curves also indicate the calorifically 
richer volatile matter which is in much greater volume in the canneloid 
than in the humic type. 

It will be observed that if the curves representing the carbon, hydrogen, 
and oxygen, in the humic, or woody, coals be protracted backward into 
the column showing the raw ingredient materials, they point directly to 
the carbohydrates as the principal mother substance from which these 
coals are derived. In fact, the curves for this type suggest a source in 
or near a mixture of woody matter with 10 per cent, of resins. That 
the canneloid curves do not flow more directly from the resin-wax per- 
centages is probably due to the influence of the humic colloidal solution, 
now the groimd mass, which is largely derived from the decomposition 
of carbohydrates. 

On the other hand, the alga sapropels, Coorongite, and the algal coals, 
or bogheads, to the formation of which little terrestrial organic matter 
has been contributed, are conspicuous for their exceedingly high hydrogen, 
very high carbon, and remarkably low oxygen contents. In fact, the 
percentages of hydrogen, carbon, and oxygen in these richly “bituminous,” 
ultra high-volatile deposits, correspond, at the initial stages, so closely 
to the percentages in average analyses of the waxes, fats, resins, and oils, 
that little room is left for doubt as to the leading part played by substances 
in or closely related to this group in determining the ultimate chemical 
composition of this type of deposit. From this similarity in gross 
chemical composition it appears probable that the microscopical, one- 
celled algae of the boghead are largely composed of waxy, fatty, or 
fatty-waxy matter. 

Initial Characteristics Eliminated by Pressure^metamorphism 

The changes in the relative proportions of the total carbon, the hydro- 
gen, and the oxygen in the different types of deposits, as each is altered 
from rank to rank in passing from the peat or sapropelic stage to the 
anthracitic, are also very rudely indicated by the curves. These changes 
have been technically discussed by the chemists in the accompanying 
papers.®® An important feature of them that is, however, superficially 
but tangibly shown by the curves is the well-known progressive loss of 
volatile matter, which roughly indicates the stage reached in the evolution 
of the type. The effects of the elimination of this volatile matter, 
generated under the influence of geologic processes, are apparent even at 
the outset. The rapid decline of the oxygen curve, the steep ascent of 
the carbon, and the general horizontality of the hydrogen curve, as the 
fuels progress from the peat stage through the ranges of the Ugnitic and 


** Other preceding papers in this volume. 
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subbituminous ranksi are the conspicuous indices of the elimination of 
oxygen, which, in fact, expresses the general evolution of the coal more 
truthfully than does the conventionally determined fixed carbon. 

The losses of hydrogen are relatively low, and while the amount of 
^'available” hydrogen is gaming, there is no evidence of increase or enrich- 
ment of hydrogen in the process of bituminization. Hydrogen as well 
as oxygen is sacrificed in the losses sustained before passing beyond the 
top of the bituminous ranks, while the gross chemical distinctions be- 
tween the types, including the inherited characteristics, rapidly become 
less evident. 

With the loss of volatile matter in the higher bituminous and the semi- 
bituminous ranks, even the chemical distinctions shown by the ultimate 
analyses of humic coal, cannel, and boghead are rapidly wiped out, so 
that in the ranks marked by over 80 per cent, of fixed carbon, pure coal 
basis, the ultimate chemicaJ analysis generally shows little if any differ- 
ence between the algal, the canneloid, and the woody types. Progressive 
carbonization now appears to be the dominant feature of the changes, 
and in the anthracite ranks the analysis shows no distinction between the 
types, all the differences except the physical having disappeared. Appar- 
ently the ultimate stages of the organic deposits of the common coal 
type — ^namely, graphitic coal, graphites, graphitic shales, etc. — are 
indistinguishable by ultimate chemical analysis from the final stages 
of the sapropelic and algal types, the so-called ** bituminous'^ deposits 
as they are represented in carbonaceous or graphitic argillites, slates, 
marble, and schists. As has been shown, the microscopical study of 
anthracites proves beyond question that the kinds of plant debris and 
plant products forming them, the conditions of their deposition, the 
variations in the progress of biochemical decomposition, and the differ- 
entiation of the humic, the cannel, and the sapropelic type have been the 
same as in the peat, the lignite, the bituminous, and other interme- 
diate ranks. 

Evolution by Carbonization {Bituminization) 

The hydrocarbons now in the coals, as well as those eliminated in 
migrant gaseous or liquid states, were generated in the organic deposit 
itself in the course of its initial biochemical and its subsequent dynamo- 
chemical changes. Bituminization" of the organic matter is produced 
in the course of the reduction of the ingredient material by biochemical 
action and the progressive generation under geological influences of 
volatile products, all of which are sooner or later eliminated. 

Economically the most important feature of the evolution of coal is 
the deoxygenation of the deposit.^® The elimination of the oxygen is 
essential to the progressive carbonization (^'coalification") of the organic 

White: Effects of Oxygen in GoiJb. U. S. Geol. Surv. BvU. 382 (1909); 
Bur. of Mines Evil. 29 (1913). 
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deposit; including the humic colloidal derivatives and the secondary 
hydrocarbon products. Carbonization characterizes the progressive 
changes undergone by the preserved organic matter and biochemical 
decomposition products between the death of the plant or' animal and the 
stage of essentially complete reduction to residual carbon; in situ. It 
marks the progressive evolution, which is, in effect, the metamorphism of 
the deposits. 

Corrections for Contouring Fixed Carbon 

In calculating and especially in illustrating progressive regional 
carbonization by ^'contouring’' (isocarbs) two sources of error are particu- 
larly to be regarded: (1) the local error that may be caused by the use of 
an analysis of a very fatty, or high volatile, coal such as cannel, or a coal 
in which the fatty residues are concentrated by advance of the biochemical 
process. Attention must therefore be given to the physical as well as 
the chemical characteristics of the fuel. However, even when analyses 
only are in hand for inspection, the fatty nature of the coal can generally 
be detected by its distinctly low moisture, the confirmatively high avail- 
able hydrogen, and the consequently rather high calorific value of the 
pure coal, and finally by the usually high ash. (2) The generally pro- 
gressive downward increase in carbonization in any normal vertical 
section in accordance with the law of Hilt must be taken into account 
to secure greatest accuracy of representation. In working out the 
application of this law, discriminative attention must again be paid to 
variation in the ingredient constituents of the coals, such as the domi- 
nance of spore elements or fusain in the deposits. In another paper^^ the 
writer has discussed the law of Hilt more fully, with citations of examples 
illustrating the apparent rate of downward increase in fixed carbon within 
the first 3000 ft. in different areas. Data are not yet available for a 
satisfactory approximation of these rates, which seem to vary widely in 
different fields, with coals of different ranks and under different struc- 
tural conditions. 

The thorough study of the law of Hilt opens some very fascinating 
and profitable problems that invite the attention of the stratigrapher well 
grounded in geophysics. It may be remarked in passing that while the 
downward increase in carbonization is doubtless affected to some extent 
by greater depth-heat of the deeper beds, the change is probably due 
mainly to lateral pressures under loading or cover by rigid formations. 
In the process of carbonization the function of the overlying rocks is 
largely to hold the carbonaceous sediments in place — i.e., the fimction of 
giving competency — ^rather than that of mere downward pressure of 
weight. Certainly the rate of downward increase in fixed carbon can 
be due only in part to rate of increase in the thickness of the overload, 
as has been assumed by some geologists. 


Bur. of Mines BuU. 38 (1913) 25. 
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DISCUSSION 

A. C. Fiblsneb, Pittsburgh, Pa. — It is of great importance that 
chemists should trace the chemical changes that have taken place in the 
constituents of coal durii^ the alterations in progressive carbonization. 
Most chemists have worked upon isolated collections that happened to 
be in their particular neighborhood without much consideration of the 
regional change in this coal bed due to geological influences, nor have they 
kept in view the succession of ranks of coal, beginning with brown coal as 
a member of the lowest rank and ending with anthracite as a member 
of the highest rank in the coal series. Students of the origin and con- 
stitution of coal, in America, have had the opportunity of observing 
practically all stages in the rank variation of coal, inasmuch as almost 
every variety of coal is represented in North America. 

Homeb G. Tubneb, Bethlehem, Pa. (written discussion). — One of 
the remarkable things about science is the way old theories cling to life 
in spite" of overwhelming evidence against them. They weaken slowly 
and gradually until some scientist ends their struggle with a blow so 
forceful that they leave the world of truth; credited no longer except by 
a few individuals with whom they hold spiritualistic communications 
through the operation of that type of mentality possessed by those who 
still think the world is flat. In t^ paper, the author strikes what should 
be a death blow to the theory that the various ranks of coal are due to 
original differences. 

The results of dynamochemical changes, as deduced from a study of 
many coals of various ages and from different flelds, are very convincing. 
The apparent anomalies have been squarely met and conclusively 
explained. It is of interest to note, also, that the theory of dynamometa- 
tamorphism holds true in spite of effects of faults and of igneous intrusion. 

The charts showing the original composition of ingredient organic 
debris and the progressive changes in the various ranks and types of coal 
give a wealth of information in a concise and understan^ble form. 

The theory of progressive regional carbonization of coals is finally 
confirmed by those who have made a study of the microscopical charac- 
teristics of coals. My own observations in connection with anthracite 
show that woody bituminous coal and anthracite of the same type exhibit 
no essential difference in ingredient material when viewed under the 
microscope. 

W. A. I. M. VAN Watbbschoot van deb Gbacht, Ponca City, Olda. 
(written discussion). — The author gives an excellent synopsis of what we 
so far know of regional metamorphism affecting coals (and also other 
hydrocarbons). The fossO fuels are much more sensitive indicators 
metamorphism than other rocks and hence are of special value for the 
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valuation of compressive forces that have affected certain regions^ without 
having become of a magnitude that other rocks have been visibly altered 
or even schistose cleavage has been developed. 

The author mentions, but I would like to emphasize especially 
the fact that tectonic carbonization need not be regarded exclusively in 
the light of the principal visible diastrophism that has deformed the 
sequence in which the coals are intercalated. The Permo-Carboniferous 
diastrophism is the main visible deformation of the Carboniferous Coal 
Measures, as the Andine diastrophism is that which has affected the 
Mesozoic coals of the West. Pressure, however, did by no means end then. 

The great continental masses of the world have been folded in suc- 
cessive phases around the very old primary shields that form the nuclei 
of most of them. Such folded regions thereby apparently acquired a 
comparatively greater rigidity and withstood better subsequent pressure 
of later diastrophic phases. These later phases, however, clearly also 
affected them, only differently and not causing a second deformation of 
the same nature, except in rarer cases. Subsequent major diastrophisms 
evidently affected the whole continental mass; but the deformation 
was on a broad scale: the superficial expression of broad folds in the more 
plastic deep basements, and breakage in the more rigid upper crust; 
faults, broad uplifts and depressions, and gentle undulations in the blan- 
ket eventually present more recent deposits of later epicontinental seas. 
Thus the Appalachians in their present topographic expression, the 
Cincinnati Arch, the Ozarks, etc. are clearly caused by deep-seated 
basal deformation of the continental mass (‘‘plis de fond'^ of the modem 
Swiss geologists) in late Mesozoic-Tertiary time, contemporaneous 
with the diastrophism in the Tethys and along the western Pacific margin 
of the American continent. One of the best proofs of such movements is 
the tilting of Mesozoic and Tertiary peneplains. 

These later forces, which deformed the rigid continental mass, often 
entirely irrespective of the older trends of folding, must have been very 
severe, and may very probably have added considerably to the carboniza- 
tion of the coals, especially because these are stresses that have found but 
little relief in the rigid masses. 

A. C. Nofi, Chicago, HI. (written discussion). — Besides having a pecu- 
liar scientific interest for the coal geologist, this paper touches on a subject 
of vital importance to any petroleum geologist whose work is in the 
Pennsylvanian. There is a relation of the regional progressive carboniza- 
tion of the coals to the general rank, as shown by gravity of the oils in 
adjacent formations. This aspect of Doctor White’s problem has been 
treated by him in a paper published in 1915, which has long been out of 
print. The present paper gives new access to many facts bearing on 
this relation and is therefore highly welcome for this reason alone, besides 
being of immense purely scientific interest. 
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Moisture as a Component of the Volatile Matter of Coal* 

Bt W. T. Thou, JB.,t Washington, D. C. 

(New York Meeting, February, 1925} 

In pbeviotjs classifications of coal, it has been customaiy to regard 
moisture eliminated from coal samples between 20° and 100° C. as 
extraneous matter, rather than as a constituent part of the coal. It 
seems, however, that the physical character and use properties of the low- 
rank coals are directly related to the amount of such moisture present, 
and recent chemical work has shown^ that such coals contain unstable 
groupings which decompose between 20° C. and temperatures somewhat 
above 100° C., with the splitting off of moisture. According to this view, 
the moisture eliminated from air-dried coal below boiling point is similar 
in all essential respects to moisture eliminated above 100° C., and is 
produced by analogous reactions; and inasmuch as the moisture given 
off above 100° C. has always been treated as a constituent of the volatile 
matter of coal, it would seem that consistent usage would include as a 
part of the volatile matter all moisture present as an essential component 
of the coal as it occurs in nature. As a matter of experience, it seems 
clear that the general physical and chemical characteristics of the low- 
rank coals are largely determined by or related to the moisture, whether 
chemically or phjrsically combined, present in air-dried coal; it is also 
demonstrable by trial that the low-rank coals caimot be satisfactorily 
classified on a purely chemical basis by using the moisture free form 
of analysis. 

The low-rank coals of the western United States include numerous 
well-defined tsrpes, many of which were referred to in a classification 
proposed by Ashley,* in which the physical and use properties of the coals 
were made the primaiy basis for their eystematic grouping. When testing 
this classification by replotting analyses of these type coals according to 
the Seyler scheme of classification,* a satisfactory parallelism between 
use properties and chemical constitution of the dry coal was found among 


* Published by permission of Director of U. S. Geological Survey, 
t Geologist in Charge, Geology of Fuels, U. S. Geological Survey. 

> E. T. Erickson: Personal conununication. 

* G. H. Adiley: A XJse Classification of Coal. Trans. (1020) 68, 782. 

* C. A Seyler: Analyses of British Coals. CoK. Guard., (1924) 41. 
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the hi^-rank, low-moisture coals, but an overlapping of types was evident 
in the lower rank coals. A similar overlapping of the low-rank coal types 
is evident when representative analyses are plotted according to a 
system similar to that proposed by Parr.^ 

Because it had been impossible to effect a practicable classification 
of the lower rank coals on a chemical basis by using the moisture free 
form of analysis, physical as well as chemical criteria for classification 
were set up by the U. S. Geological Survey,® for the separation of lignite 
and subbituminous coals from each other, and from the lower rank bitu- 
minous coals. Such a system is, however, subject to objection because 
it consists essentially of a classification according to personal judgment 
and experience, and involves decisions into which the personal equation 
enters largely. 

In seeking to overcome this difficulty, the writer plotted about 800 
analyses of composite samples of representative American coals according 
to a system suggested by Miss Taisia Stadnichenko, as a result of the 
work of a former student of Professor Parras, with, however, the modifica- 
tion that the moisture of the air-dried form of analysis was considered 
as part of and was added to the volatile matter reported in the proximate 
analysis. Thus, by calculating the air-dried form of the proximate 
analysis to an ash-free basis, and by plotting volatile matter plus moisture 
vertically and calorific value horizontally, the writer constructed the 
diagram shown in Fig. 1, no corrections being made for variations in 
the amounts of sulfur and nitrogen present. 

In the higher rank coals, which contain little moisture, the groupings 
produced by the graphic method employed in Fig. 1 were essentially 
identical to those obtained by classifying the same coals by either the 
Seyler or the Parr system. In the lower rank coals, the increasing amoimts 
of moisture retained in the air-dried sample progressively increased the 
volatile matter plus moisture coordinate and decreased the calorific 
value coordinate, as compared to groupings made on the dry coal basis. 
As a result the curve was so extended as to make possible an almost 
wholly satisfactory chemical definition and distinction of the low-rank 
coal types proposed by Ashley. It is moreover true, as would be 
expected, that, in Fig. 1, in the lignite, subbituminous, and bituminous 
ranks, the canneloid coals fall above and to the right of the normal coals, 
whereas very woody coals, such as that from Williston, N. Dak., fall below 
the normal coals. With increasing metamorphism and an approach 
toward the semibituminous rank, the cannel-coal curve approaches that 
of the normal coals; and in the semibituminous field apparently crosses 
the curve of the normal coals, presumably due to the distillation and 

* S. W. Parr: The Classification of Coal. Indus. & Eng. Chem.^ 14, 919. 

* M. R. Campbell: The Coal Fields of the United States: General Introduction. 
U. S. Geol. Surv. Pro/. Paper 100-A (1922) 33. 
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dlimination of some of the highly hydrogenous constituents present in 
lower rank cannel coals. 

6,000 10,000 12,000 I4.,000 (6,000 B.T.U. 



FlO. 1. — ^VOLATILB MATTES (mOISTXTBB PLUS VOLATILE MATTER) AND CALORIFIC 
VALUE or GOALS REPRESENTATIVE OF COAL RANKS AS NOW RECOGNIZED BY THE U. 

8. Geological Survey. Analyses plotted are on air-dried, ash-free basis. 

The principal anomalies that remained in the groupings shown by Fig. 
1 exist in the high-sulfur, high-moisture coals of the interior fields. These 
anomalies may be due to anomalous properties of the coals themselves, 
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but certain other considerations stron^y suggest that they are due to the 
presence of disseminated gjrpsum in the coal, which was not recc^nised 
by the analyst, and was not allowed for in the calculation of the ash 
content of the coals as reported in the analyses. 

For the successful application of a scheme of classification, such as 
that used in constructing Fig. 1, it is essential that a standard analytical 
procedure be followed, m order that resiilts may be comparable. It is 
even more important, especially for the lower rahk coals, that the utmost 
care be taken in the collection and shipment of sa mplfts for anal 3 rsis. 
Lignites and subbituminous coals are so unstable that marked alterations 
in their chemical composition take place during an exceedingly brief 
exposure to the air, so it is most important that samples of lignite or of 
subbitiuninous coal taken for analysis be cut at strictly fresh workmg 
faces. Coal taken from a fresh face may show several per cent, more 
volatile matter and several hundred more British thermal units calorific 
power than rib coal from the same mine collected after being exposed to 
the air for a few dasrs. 

It also must not be forgotten that the degradation of low-rank coals, 
which speedily ensues on their direct exposure to the air, may to a degree 
be paralleled by geological processes operating through long periods of 
time. For example, it seems probable that oxygenated artesian waters 
cause chemical changes in coal beds along which they percolate, and . 
that a more rapid oxidation of coal beds occurring above ground-water 
level in arid regions may be caused by the air dissolved in descending 
meteoric waters. 


SXTMMABT 

The development of a satisfactory classification of coal on chemical 
criteria necessitates an agreement on: 

1. A geological and chemical definition of unweathered coal. 

2. Adoption of a more reliable method for the collection and shipment 
of coal samples. 

3. The adoption of rigorously uniform methods of coal analysis. 

4. The testing of coal samples for carbonate and sulfate impurities, 
present as unstable components of the ash. 

Also, it is, in the writer’s opinion, essential to the fprmulation of a 
scientific and systematic classification of coal on a chemical basis that all 
moisture forming a normal and essential part of coal, as it is found in 
nature, be recognized and reported in analyses as a component of the 
coal and not as an extraneous impurity to be excluded from consideration. 
The utilization of the air-dried form of proximate analysis appeals to the 
writer as the best method of discriminating between water accidently 
present in the coal sample and moisture to be regarded as a natural 
constituent of the coal. 
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DISCUSSION 

A. C. Fieldnbb, Pittsburgh, Pa. — This is a very practical system 
for dassifying coal. The use of percentage of moisture plus volatile matter 
and moisture-and-adi-free heating value as criteria for classification 
afford practical measuring sticks that are at hand in any commercial coal 
laboratory. The only drawback is in using moisture in air-dried coal 
as a physical constant of the coal. Coal laboratories do not maintain 
any special apparatus in which to make air-dry determinations. These 
determinations are made either by exposing thin layers of the coal to the 
action of the atmosphere, or by placing the coal, in a thin layer, in an 
air-dr 3 dng oven in which air is circulated over the coal at 5° to 10° above 
room temperature for approximately 24 or 48 hr. The humidity is not 
controlled; it may vary considerably. These differences in humidity 
cause rather large variations in subbituminous coal and lignites. Humid- 
ity conditions at one period may give 20 per cent, moisture in the air- 
dried coal; at another time, with higher humidity, it may be 25 per cent, 
or even more. Therefore for strictly comparable work laboratories 
should determine moisture in the air-dried coal at a definite temperature 
and humidity. These variations are most noticeable in subbituminous 
coals and lignites; they do not seriously affect low-moisture bitumin- 
ous coals. 

S. W. Pabb, Urbana, 111. — ^Weare all impressed with the close relation- 
ship between the moisture content of any type of coal and the rank. 
The Illinois field extends from southeast to northwest, perhaps a distance 
of 300 miles. The southern Illinois coals, as we speak of them, have a 
moisture content of 8, 9, or 10 per cent., and the Indiana as low as 4 or .5 
per cent.; in Montgomery County, they contain even 17 per cent, 
moisture, which parallels the type. That is not the right word, because 
there is so little variation in the real coal; but it characterizes what we 
know to be the value of those coals for general use. Saying nothing 
about having to pay for more water in one case than the other, the low- 
moisture coals are high-carbon coals and behave much better in 
domestic appliances. 

This matter of moisture content is misleading if we take the whole 
field. One of the students in the En^eering Department of the Uni- 
versity of Illinois carried on a little research ^ong this line. He deter- 
mined very carefully the specific gravity of a block of coal and then 
allowed the block to air dry and took the specific gravity as the moistiue 
content went down; its specific gravity became less and less. Then he 
put that smne coal in water and let it stand a given length of time when 
he determined the specific gravity and found it was the same as when the 
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cobI came from the mine. I am more and more inclined to look upon 
moisture as moisture, which varies with circumstances. 

In December, a couple of pounds of coal was sent to us from New 
Mexico, it was anthracilitic, or whatever you wish to call it. It was 
beautiful clear coal, conchoidal fracture, and I think was sent from the be- 
lief that it was anthracite, especially because, among other peculiarities, 
it had only 2 per cent, moisture. A coal of that kind, hard, with that 
appearance and fracture, and 2 per cent, moisture, you will be justi- 
fied, in sa3dng, is pretty apt to be anthracite. But referring to its calorific 
value on the unit coal basis, that coal is clearly a subbituminous, and 
would come in the second division, below 14,000 B.t.u. per lb., and clear 
down at the bottom of the chart with 2 per cent, moisture instead of up 
among the lignites or subbituminous coals. It had the oxygen content of 
18 or 19 per cent., and absolutely no coking property. 

The Southern Utah coals, of which we have quite a good many, run 
to 4 per cent, moisture and are of exactly the same type. Not long 
ago we received coal from Northern Siberia, which was beautiful material, 
less than 4 per cent, moisture, but a lignite. That is subbituminous in 
a way. So these may be low-moisture characteristics with very high 
oxygen and very clearly given their rank by the colorific value. 

Clarence A. Seyler, Swansea, Wales. — It is well known that lignitic 
coals have the power of holding a considerable amount of moisture. In 
fact, it is quite possible to make use of this properly in the classification 
of coals, as has been done by Doctor Ashley, who uses the fixed carbon 
(100 — ^volatile matter plus moisture) in the moist sample to arrange 
coals in a continuous series according to rank. I do not think, 
however, that this is the best way of classifying coal, for many reasons. 
First, the moisture of “air-dried coar' is not a definite thing unless the 
temperature and humidity of the air are specified, and I do not think 
that data on this basis exist. Until they are available, it is not possible 
to make any accurate classification in this way. The moisture being 
so variable, one is inclined to regard it as accidental and not essential to 
the coal substance, and I much prefer Doctor Parr’s basis of “unit 
coal,” which is now generally accepted. By using it in conjimction 
with the ultimate analysis, one can get a very satisfactory classification 
for scientific purposes, and it may be possible to bring it into relation 
with a use classification based on volatile matter and moisture. 

Note. — ^At a meeting of the American Section of the Coal Research Club on the 
evening of this meeting I discussed the whole subject of classification and suggested a 
joint pronouncement on this subject from the American and British chemists, which I 
hope will mature shortly. 

W. T. Thom, Jb. — ^I t is very desirable that a technique be perfected 
which will permit of a division of moisture reported in coal analsrses 
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betwe^s that which is definitely related to the oompositioii of the coal 
and that which is present as purely accidental moisture. It appears 
tiiat the low-rank coals contain moisture which is related to, or a reflection 
of their chemical or physical constitution, just as the calorific value of the 
coal is a weighted reflection of the several factors entering into the 
aggregate composition of the coal. 

A. C. Fieldner. — ^Has the author made any tentative plots in which 
total as-received moisture was used instead of air-dried moisture? 

W. T. Thom, Jr. — N o, though I can readily do so with the material in 
hand. It is my thought, however, that variations in mine conditions 
would cause notable variations in moisture in the sample as received, the 
result simply of variations in the amount of water accidentally included 
in the sample as cut in the mine. 

In adding together moisture and volatile matter, as given by the 
“air-dried*’ analysis, I felt that in a way I was canceling variations that 
result from slight differences in analytical practice. That is, under 
some conditions the moisture reported will be unduly high and volatile 
matter correspondingly low, and vice versa, the two variations being 
roughly compensating. 

A. C. Fieldner. — I question whether it would not be better to use 
the total as-received moisture of the coal as it occurs in the seam excluding 
incidental surface moisture. The objection to this method would be that 
in some cases the surface moisture of the coal could not be kept out of 
the sample. Likewise, coal that has been mined and exposed to the 
weather for a short time would have lost a material portion of the seam 
moisture. Such coal could not be brought back to the true total moisture 
content. It would be easier to bring it into a standard air-dried condition. 

R. D. Hall, New York City. — Is it not the correct way of ascertaining 
the true character of the coal to add moisture to it and then dry it by a 
standard method so that if it has in transference or in the bed been 
subjected to conditions of drying that are not standard this will be cor- 
rected in the laboratory. All the accidental moisture will be out and all 
the moisture natural under the conditions will be in the coal. The air 
drying should be at a given temperature and the drying air should have 
a given moisture content. 
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Mascot, Tennessee, Zinc Area 

Bt Wilbur A. Nelson,* Nashville, Tenn. 

(Birmingham Meeting, October, 1924) 

In 1839, Gerard Troost,^ the first State Geologist of Tennessee, 
reported the occurrence of zinc ores in east Tennessee, in connection with 
the iron ores at Embreeville; in 1844,^ he refers to the zinc deposits of 
east Tennessee, especially the apparently rich deposits occurring in Jeffer- 
son and Claiborne Counties, while his ninth annual report* is a description 
of the zinc deposits of Jefferson County and a description of the most 
improved processes by which zinc is extracted from its ores. Yet, only 
during the last few years have these ores been successfully worked. 

As far as can be learned, prior to the systematic development of the 
Mascot district in 1911, no large-scale or successful operation of any of 
the zinc deposits was carried on. But in that year, after several com- 
panies had made considerable progress in developing the Mascot area 
and had proved a relatively extensive body of low-grade sulfide ore, 
the American Zinc Co. entered the field. It introduced modern methods 
of prospecting and mining and from the first was successful. Too great 
credit cannot be given this company for its pioneer work in a previously 
unimportant field. Throughout the history of its operations, the Ameri- 
can Zinc Co. has confined its efforts to underground mining of the sulfide 
ore, sphalerite. This company has found that successful results in zinc 
mining in east Tennessee can be achieved only by expending large sums 
in prospecting and blocking out bodies of pay ore in sufficient magnitude 
for large-scale operations. 

At Mascot are located the mines of the American Zinc Co. of Ten- 
nessee, the mines being situated along the Southern Railway in the 
Holston River Valley, Knox County, about 13 miles northeast of Knox- 
ville. At first only open pits, which were worked for oxidized ores, were 
operated and the production was small. In 1900, the Roseberry Zinc Co. 
was organized and sank to a depth of 187 ft. what is now known as No. 3 
shaft of the American Zinc Co. The upper 30 ft. was in residual clay, 

* State Geologist. 

* Fifth Annual Report, Tenn. Geol. Surv., 41. 

* Seventh Annual, Report, Tenn. Geol. Surv., 43. 

* Ninth Annual Report, Tenn. Geol. Surv. (1848). 

VOL. LSXI. — 19 
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the ranainder in btecciated and massive dolomite. Ore was encoun- 
tered at a depth of 104 ft. Short tunnels were driven from the base of 
the shaft to tap the orebody but most of the production of the Roseberry 
company was derived from the large open cut (No. 3), located on the 
west bank of Roseberry Creek. Both carbonate and sulfide ores were 
mined. A few years later, the property was purchased by the Grasselli 
Chemical Co. and, in 1915, by the American Zinc Co. 

In 1903, the Holston Zinc Co. began operations in both carbonate and 
sulfide ores just west of the Big Flat Creek; its workings are now known 
as No. 1 open cut of the American Zinc Co. A shaft was sunk to a depth 
of 170 ft., 670. ft. north of the present No. 1 shaft of the American Zinc 
Co. This shaft was later abandoned. It is said that ore was found 
from the 120-ft. to the 160-ft. level. Both the Roseberry and Holston 
companies carried on extensive prospecting by drilling. Mills for crush- 
ing and concentrating the ore were erected by each company and oper- 
ated for a short time. 

In 1911, the American Zinc, Lead, & Smelting Co. entered Ten- 
nessee, and, under the name of the American Zinc Co. of Tennessee, 
acquired the property formerly owned by the Holston Zinc Co. Its 
output consists of sulfide ore only and it is the only company in Ten- 
nessee continuously engaged in mining the sulfide ore of zinc. The pres- 
ent holdings of the American Zinc Co. consist of 3200 acres of land in 
Knox County and 400 acres in Jefferson County. The orebody has been 
developed for 7900 ft. along the strike and for 1200 ft. down the dip. 

Pboduction 

No accurate figures of the zinc production of east Tennessee prior to 
1912 are obtainable, but the output in those years was small. Since 
1912; the production as reported by the United States Geological Survey 
is as follows: 


Ybabs 

1912. 

1913. 

1914. 

1915. 

1916. 

1917. 

1918. 

1919. 

1920. 

1921. 

1922. 

1923. 


East Tennessee Zinc Production since 1912 

Minb Produo 
TION (CbUDB 
_ Okb), 
Short Tons 

32,347 

171,392 

357,437 

525,829 

702,326 

883,341 

598,742 

649,844 

598,742 

319,764 

411,484 

579,022 
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The rapidly increasing output after 1912 was due to the operations 
in the Mascot district, which furnished almost the entire production until 
the Embree Iron Co. started producing ores, in 1919. The peak of pro- 
duction was realized in 1917, when 883,341 tons of crude ore were mined, 
and east Tennessee ranked seventh among the producing districts of the 
United States. Since then, lower prices and a decreased demand have 
caused a falling off in production. 

General Geology and Structure 

A study of the general geologic condition of the 50-mile area around 
the Mascot zinc district shows many interesting facts, which may have 
a general bearing from a geologic standpoint on the occurrence in com- 
mercial quantities of zinc in this area. 

This is the home region of Appalachian structure, with closely folded 
rocks, practically all of which dip to the southeast with varying degrees 
of steepness, 20° to 30° being the average dip, except in close proximity 
to the numerous roughly parallel faults, where the beds are generally 
nearly vertical or overturned. 

The formations, mostly of Cambrian, Ozarkian, Canadian or Ordovi- 
cian age, were laid down in long, narrow, trough-like seas, and as one of 
these seas was gradually filled with sediment, during geologic time, the 
old shore line advanced westward and the ancient streams dumped sedi- 
ment into a similar trough-like sea lying just to the west of the one just 
completely filled by sedimentation. At certain periods these narrow 
parallel seas were connected by passages, with the result that certain 
formations were deposited in all of them; but at other periods the oscilla- 
tory nature of the earth’s crust cut off these passages and a particular 
type of filling by sedimentation would only start in the most eastward 
sea then existing. 

It would appear that Copper Ridge, situated 9 miles northwest of 
Mascot, was one of these old land barriers, for on this ridge only the 
earliest formations of the Blount group of the Ordovician age were laid 
down, while in the troughs, or seas, to the east several hundred feet of 
older Ordovician rocks were formed. Just to the east of Copper Ridge 
came in the great Clinch Mountain trough or sea, which was one of the 
most persistent seas of ancient east Tennessee, having, during the periods 
following the Ordovician, that is, during Silurian and the following ages, 
an outlet to the north, with a probable head of this narrow gulf in the 
region of Corryton, about 6 miles northwest of Mascot. To the east of 
the Clinch Mountain trough, is the Holston River high or barrier, so 
named because along and on top of this old buried ridge the Holston River 
now meanders. Mascot and the zinc deposits of this area are located on 
this ridge. 
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Indications point to the fact .that this ridge cuhninated in the area 
about 6 miles north of New Market and was less marked to the southwest 
in the viciaity of Knoxville. All of this ridge was an old high ares, but 
probably not as marked a high as Copper Bidge. The area occupied 
by tfaia old ridge is one of the largest areas in east Teimessee covered by 
unfaulted dolomites. One way to account for this fact would be to con* 
aider that this old ridge is probably covered by an abnormal thickness of 
massive beds, such as the dolomites of Canadian and Ozarkian ages, and 
that this old high existing at this point in Cambrian times probably did 
not permit of a good development of the underlying massive sandstones 
of the Rome formation, which sandstones are the thrust-carrying strata 
of the east Tennessee valley region. 

The highest ancient ridge of the Holston River high must have been 
along its western edge and close to the eastern edge of Clinch Mountains, 
for the sequence of formations in those troughs or ancient seas to the east 
of this old ridge is greatly different from the sequence in the troughs to the 
west. Although this ridge may not have been as high as the Copper 
Ridge high, it was a much more effective barrier and one through which it 
would appear that there were no channels leading to the west, as the 
Athens shale occurs in all those troughs to the east of the Holston River 
high and in none of the troughs to the west. 

After the filling in of the Athens trough, which is the first trough east 
of Mascot, there must have come a period of cross-folding or a period in 
which a new ^tem of erosion was developed which so modified the 
configuration of the earth’s surface as to permit the development of 
channels through the succeeding western ridges of the east Tennessee 
valley region. 

The beginning of cross-folding, which culminated in the cross-faulting 
now seen extending through Coal Creek, Anderson County, 28 miles 
northwest of Mascot, may have had its inception at the time of the lay- 
ing down of the Blount group of the Ordovician. The location of this 
cross-folding and faulting may have been caused by a thinness of the 
Ordovician, Canadian, Ozarkian, and Cambrian sediments deposited 
in the heads of several of the trough-like seas, which are on a line between 
Coal Creek and Knoxville, as the excessive thinness of these formations 
might produce a line of weakness alon^Vhich folding and shearing might 
be expected to take place first, as the forces that produced the thrust 
faulting, which forces came from the ocean, increased in magnitude 
and intensity. 

The foregoing deductions on the manner in which these Paleozoic 
formations that now cover the surface of this section were deposited, con- 
solidated, and folded, contain many factors that should be considered in 
studying the causes and reasons for the present occurrence of zinc ores 
in the rocks of this region. 
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The old idea of the indivisibility of the Knox dolomite must be for* 
gotten, for this formation can readily be subdivided. It is made up of 
varying formations, described by IHrich.^ This dolomite series, which 
includes in places beds of limestone, and which varies from place to place 
due to thickening, thinning, or even complete absence of one or more of 
the formations of which it is composed, is our representative of two 
complete geologic ages, the Canadian and the Ozarkian. 

Detailed study of this series in east Tennessee shows that at several 
horizons there are well-formed sedimentary breccia layers, several feet 
in thickness, made of fragments of chert, quartz, limestones, and dolo- 
mite, as well as brecciated horizons formed by earth movements. The 
sedimentary breccia horizons occur at contacts between some of the 
different formations making up this dolomite series, which has a thickness 
of 2400 to 3600 ft., while the other brecciated horizons occur along lines 
of weakness in this rock series. 

The mining developments at Mascot are on the western limb of one of 
the largest synclines in east Tennessee, which is 5 miles wide and faulted 
on both sides. The horizon at which the Mascot ore occurs is down- 
faulted on the eastern. limb of the syncline and does not come to the 
surface. The average dip of the strata of the mines is 20° to the south- 
east. Minor flexures and warpings cause local flattening, steepening, 
or even reversal of the prevailing dip. The orebody appears to parallel 
the bedding plane of the dolomite and, therefore, its dip conforms to the 
regional dip, which varies from about 10° to the southeast to vertical. 
No faults of great displacements have been discovered in the mining 
operations, but minor breaks, which may be measured in inches or frac- 
tions of an inch are numerous; some of these have occurred since the 
mineralization of the region. 

In the Mascot region, study of the old Knox series shows that this 
group can easily be divided into two distinct formations; a further detailed 
study may show that even further definite division lines can be found 
and mapped. Just a short distance below the outcrop of the brecciated 
zinc-ore horizon in the old Roseberry open cut, there occur a few feet of 
very irregular wavy bedded dolomites, which show that they were 
deposited on an old irregular land surface, filling up the irregularities of 
the old surface, which is the contact between the Ozarkian and Canadian 
rocks. The exact contact occurs 10 to 20 ft. below these wavy beds, 
but is not exposed at this place. The top of these wavy beds is 20 ft. 
below the base of the brecciated zinc horizon in the Roseberry mine, and 
as these wavy beds probably have a thickness of 10 to 20 ft., the zinc 
horizon can be considered to occur at practically the base of the rocks of 
Canadian age, near one of the great unconformities of east Tennessee. 

^E. O. Ulrich*. Revision of the Paleozoic. Bull. Geol. Soc. of Amer. (1911) 
22, 281 680. 
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The Canadian age is represented in Tennessee by the Powell, Cotter and 
Rubideaux formations.^ A study of the Mascot area indicates that only 
one of these formations is present, the Cotter, which has a thickness of 
1100 ft. But sufficient detailed work has not been done in the Mascot 
area to show positively if any other of the Canadian formations are 
present. The zinc ores occur in a brecciated zone near the base of this 
formation. The Canadian is here composed of a series of interbedded 
dolomites and limestones, containing chert that on weathering becomes 
finely divided and breaks into sharp angular pieces that tend to be 
fiinty and generally red-stained. 

The topmost beds are composed of layers of magnesium limestone, 
dolomite, and pure limestone, lying unconformably below a very pure 
limestone known as the Mosheim formation. In the Canadian at Mas- 
cot, there occurs, as usual at irregular intervals in the formation, layers 
and nodules of partly flinty chert and occasionally a layer 34 to perhaps 
1 or 2 in. thick of rounded glassy sand grains. Drill records show that 
such thin sand stringers occur at 75, 235, 265, and 320 ft. above the top 
of the ore horizon, while a very marked, 1-in. sand-grain horizon scattered 
in the dolomite occurs 33 ft. below the orebody. ^ If rounded sand grains 
occur in the upper part of the Canadian at this point, they have not been 
seen. Very detailed examination of the entire 1100 ft. of the Canadian 
has not been made, yet from the examination made, rounded sand 
grains occurring in stringers in the dolomite have been found only in the 
lower 500 ft. of this series. Likewise, in the lower part of the series, 
particularly below thp ore bed, there occurs considerable white, trans- 
lucent primary chert, occurring in long, thin, banded stringers parallel 
to the bedding, but no great thick masses of chert were seen in the 
Canadian. At 70 ft. below the orebody, there was seen in the I-H cross- 
cut of Mine No. 2, massive white chert, which is probably Ozarkian chert, 
occurring at the top of this series of rocks. 

The Ozarkian rocks are quite distinctive and produce a chert that is 
quite a different type than that of the Canadian. The chert in the upper 
part of the Ozarkian occurs in great irregular ledges and masses several 
feet thick and undoubtedly represent primary chert augmented greatly 
by secondary chert, which started forming during the land period interval 
that existed in this area in early Canadian time. These great masses 
of chert are distinctive in appearance, being white in color, very hard and 
tough and irregularly cracked and checkered, but only to a slight degree 
where exposed to weathering. 

Tbe Ozarkian has a thickness of approximately 1660 ft. at Mascot. 
This massive white contact chert extends down into the formation for 50 
ft., more or less, then there occurs, in large masses, throughout the next 


* E. O. Ulrich: Personal communication, June, 1924. 
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560 ft. a very characteristic white sugary chert; below this point, particu- 
larly throughout a 225-ft. thickness of beds starting 350 ft. above the base 
of the Ozarkian, the chert is of a most perfect oolitic variety, which 
occurs in stringers several inches thick and is of an opaque whiteness. 
This oolitic chert registers a condition of original deposition and may not, 
in other areas in east Tennessee, be characteristic of this part of this 
formation. The lower 350 ft. of this series contain a few 1- and 2-in. 
layers of sandstone, composed of coarse white grains, closely cemented 
and also occasional layers, several inches thick, of massive white chert. 

As the Ozarkian and Canadian series weather readily, it is seldom 
that the rock layers are seen except along stream banks; on this account 
particular attention must be given to the type of chert these formations 
produce on weathering, as it is only by a study of these cherts and the 
fossils they contain, that the different formations can be recognized, under 
the general conditions existing in east Tennessee. 

Ores and Associated Minerals 
Minerals 

The chief ore mineral of the mine is sphalerite. Near the surface and 
in solution channels where oxidation has taken place, the sulfide has been 
altered to smithsonite and calamine. Most of the sphalerite of the 
Mascot mine is extremely light yellow in color. It occurs in the brec- 
ciated horizon as veinlets, irregular masses of variable size, fracture fill- 
ings, and breccia cement. Gangue minerals occurring with the sphalerite 
are dolomite and calcite. The quantity of sphalerite is variable, gener- 
ally being greater in the more intensely brecciated rock. A complete 
report on the zinc deposits of east Tennessee, by Mark H. Secrist, has 
just been published by the Tennessee Geological Survey as Bulletin 
No. 31. The following facts in regard to the minerals occurring at 
Mascot are quoted from this bulletin: 

A carbonaceous compound sometimes occurs along fracture planes: also occa- 
sional pockets of masses of barite are found. The gangue consists almost entirely of 
dolomite, calcite, and the country rock. Microscopic examination of thin sections 
of the ore show that the country rock consists of ^e-grained, anhedral crystals of 
dolomite, which are mutually interlocking and possess, in general, well-developed 
rhombic cleavage. The average diameter of the grains is about 0.10 mm. 

Minute isolated grains of pyrite, frequently altered to limonite, are disseminated 
through the country rock and tend to occur in the interstices between individual 
crystals. 

The vein, or replacement, minerals have been deposited in the following order: 
Dolomite, sphalerite, pyrite, dolomite, when present. The vein dolomite is coarsely 
crystalline and shows good rhombic cleavage. Generally the contact of country 
rock and dolomite is well defined and clearly shows replacement of the former by the 
latter, but a narrow seam of limonite frequently obscures the actual contact and 
has partly corroded the edges of the crystals adjacent to it. 
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Tbskt the contact cone of the country rock and dolomite was readily susceptible 
to replacement by later minerals is evidenced by the presence of variable amoimts 
of sphalerite and pyrite. The pyrite occurs in small grains, many of which show 
distinot crystal oul^e and, locally, complete replacement of the earlier minerals 
has resulted in the formation of short, discontinuous veins of pyrite. 

The mode of occurrence of sphalerite is similar to that of P3rrite, in that it tends 
to be more abimdant in the contact sone of country rook and dolomite. Small, 
disconnected masses of sphalerite, with veinlets protruding along interstitial open- 
ings between crystals, or along their cleavage cracks, occur promiscuously throughout 
country rock and dolomite and locally attain a considerable sise. 

Where p3nite and sphalerite are in contact, the order of deposition is frequently 
not clear although some unmistakable evidence of pyrite invading along cleavage 
cracks of sphalerite and replacing that mineral are apparent. 

Paragenebis 
Country Rock 
Dolomite 
Sphalerite 
Pyrite 

Dolomite, when present 
The Mascot Ore Horizon 

As already stated, it is considered that the zinc-ore horizon at Mascot 
occurs about 40 to 60 ft. above the top of the Ozarkian series and in the 
base of the rocks of Canadian age, in strata that can be considered as 
belonging to the latter formation. The ore does not occur continuously 
along the strike of the rocks in the zone just above the contact between 
the Canadian and Ozarkian, but occurs in shoots irregularly spaced. 
These oreshoots vary from 100 to 200 ft. in width and are an intensely 
brecciated zone varying from 25 to 120 ft. in thickness. The ore in these 
brecciated shoots varies in richness, containing from 1 to 5 per cent, 
metallic zinc. These shoots are irregular, tortuous, and more or less 
connected. Their distribution is irregular. In practically every case, 
the bottom of the oreshoot extends farther up or down than the top of the 
shoot. The thinning down of the ore takes place from the hanging-wall 
side of the orebody. However, there is no definite hanging and foot 
wall to this orebody, as such terms are used in other mining districts. 

In general, the following sequence is found in Mine No. 2 of the Ameri- 
can Zinc Co., in the rocks above and below the orebody. Starting on the 
upper side of the orebody, the hanging wall is a fine-grained gray dolomite 
that, in a few places, contains a mass of 1- to 4-in. chert nodules occurring 
as a layer in the dolomite and forming the boundary of the ore. Then 
occurs the irregular orebody, having for its foot wall a series of bedded 
brown dolomites or their replaced or altered equivalent, the replaced 
equivalent being crystallized gray limestone. 

Below this foot wall, which is often about 10 ft. thick, occurs another 
brecciated horizon that is, as a rule, biurren, or carries only small amoimts 
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of zinc. This lower brecciated horizon varies in thickness as much as 
the ore-bearing brecciated zone. Below the lower brecciated zone there 
also occurs at many places in the No. 2 mine of the American Zinc Co., a 
bedded series of brown dolomites, which contain a fairly persistent 1-in. 
layer of rounded, glassy, sand grains, about 10 ft. below its top. Chert 
nodules and 1- to 2-in. chert bands occur in the bedded dolomite, start- 
ing a few feet below the horizons of the glassy sand grains, and occur 
throughout the rest of the dolomite series down to the top of the Ozarkian. 

The extent of the main orebody is not definitely known, as prospecting 
is still being carried on. An orebody of commercial grade has been 
proved to extend from Roseberry Creek, on the west, to a point mile 
east of Mascot Station, a distance of % mile. Intensive drilling has been 
carried on over this area, both along the strike and down the dip. It is 
reported that this drilling indicates the orebody to be roughly lenticular 
in shape, although its limits down the dip have not been reached. 
Within the mineralized zone there is considerable variation in the zinc 
content, as can be observed from the manner in which the ore occurs in 
pockets that follow no definite direction. The American Zinc Co. has 
mined only those areas or pockets that contain the highest grade of ore. 
The intervening ground has been avoided, although it is not absolutely 
barren and may even contain small but high-grade masses of ore. 


Origin of the Ore 

The time available for the writing of this paper has not permitted 
the reaching of any definite conclusions as to the origin of the Mascot 
zinc ores, and although the conclusions reached by Secrist® do not appear 
to account fully for all phases of this interesting ore deposit, these 
conclusions will have to be accepted until further work on this problem 
proves, modifies, or disproves them. Mr. Secrist’s conclusions are 
as follows: 

The zinc ores of east Tennessee were not originally deposited in the manner 
in which they now occur but represent a concentration in local areas resulting, in 
general, from solution, transportation, and redeposition by circulating ground waters. 

Except where ore has undergone superficial alteration and oxidation, the zinc 
ores consist of the zinc sulfide — sphalerite. This occurs disseminated in the lime- 
stone or dolomite both as a replacement of the rock and as the cement in brecciated 
beds. As a rule, the process of replacement has played an important role in the ore 
formation. Breccia fragments sometimes show solution and replacement by both 
ore and gangue minerals. But again, the breccia fragments are extremely sharp- 
angled and show no replacement. In such cases, the minerals are confined entirely 
to the matrix or breccia cement. Both types of ore are widespread and grade into each 
other. No instances were observed in the field where only one type of ore occurred. 


* Mark H. Secrist: Zinc Deposits of East Tennessee, Tenn. Geol. Surv. BvM, 31 
(1924) 31. 
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As has been repeatedly stated, the ore is associated with brecciated horizons in 
the country rock. Hie origin of l^e brecciation is not at all times clear, particularly 
when no visible planes or movement can be seen. On the other hand, at the Felknor 
mine, the Fall Branch mine, New Prospect, etc. direct evidence of brecciation asso- 
ciated with faulting is at hand. 

The breccia is usually made up of sharp-angled fragments of the country rock 
cemented by a matrix, which consists of variable amounts of white or gray dolomite, 
some calcite, chert, sphalerite, galena, and pyrite. It should be mentioned that 
galena is found only in a few districts and is not a widespread constituent of the 
breccia filling. In some localities, notably at Friendsville, Eye Mills and Fall Branch, 
considerable quantities of barite are associated with other minerals in the breccia; 
thus the complexity of the ore varies at different localities. At Mascot, practically 
no minerals other than sphalerite, dolomite, small amounts of calcite, chert and 
pyrite are found. 

As is typical of breccia or broken-ground deposits, not all parts of the brecciated 
horizons are mineralized but the ore is distributed in bodies or pockets, in random 
fashion in the horizons. Such localization entails great uncertainty in mining opera- 
tions where advance prospecting to determine the extent of the richer bodies has not 
been employed. 
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Ducktown, Tennessee, Copper District 

By Wilbub a. Nelson,* Nashville, Tbnn. 

(Birmingham Meeting, October, 1924) 

All of our accounts say that the discovery of copper ore at Duck- 
town, Tenn., was made in August, 1843, yet it would appear that samples 
of copper from this district were found by DeSoto, when he wandered 
into southern Tennessee, in 1539, in his four years of exploration through 
the Southern States. The following quotation is taken from his diary: 

^'Towards the north there was a province named Chisca; and that 
there was a melting of copper, and of another metall of the same colour, 
save that it was finer, and of a farre more perfect colour, and farre better 
to the sight, and that they used it not so much, because it was softer. 
And the selfe same thing was told the governor in Cutifa-Chiqui, where 
we saw some little hatchets of copper, which were said to have a mixture 
of gold. But in that part of the country it was not well peopled; and they 
said there were mountains, which the horses could not passe; and 
for that cause, the governor would not goe from Cutifa-Chiqui 
directly quicker.^' 

DeSoto sent two of his company to try to find these mines, but after 
five days’ wandering through the mountains they returned, stating that 
their guides had become lost. Although the Ducktown area may have 
been known to the ancient Indians, the copper deposits were actually 
discovered in August, 1843, when a Mr. Lemmons, while panning for 
gold on Potato Creek, in the Ducktown basin, found some reddish-brown 
decomposed rock. His disgust on finding that this yellow metal was not 
gold was so great thjat he did not try to develop his find. In March, 1847, 
B. C. Dugger erected an iron forge at this same place, but was unable to 
work the iron as it contained so much copper that on cooling it would 
break to. pieces. The finding of copper in the iron ore by Mr. Dugger 
led to further explorations; and in April, of the same year, A. J. Weaver, 
who was passing through that country, told the people that the black 
rocks they had dug out were rich copper ore. Mr. Weaver began the 


• State Geologist. 
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fiist mining in this district. This account of the actual finding of copper 
in Tennessee is described by both Currey* and Safford.* 

It was not until 1850 that general attention was attracted to this 
region and mining operations were started. Five years later, in 1855, 
14 mines were in operation and, by September of that year, these mines 
had produced and shipped 14,291 tons of ore, worth more than $1,000,000. 
Only the “black copper” ores, products of secondary emichment from 
beneath the gossan outcrops and overlying the massive sulfide deposits, 
were then mined and smelted for their copper content. After the exhaus- 
tion of this ore, which was about 1889, the operators developed a process 
of treating the unaltered pyritic ores. This process consisted of open- 
heap roasting, followed by blast-furnace smelting; which method was 
used until 1903. 

Shortly after 1900, the companies operating in this district were 
compelled to erect acid plants to prevent the escape of the sulfur dioxide 
produced in the smelting operations. The Tennessee Copper Co., of 
Copperhill, started its plant in 1906; the Ducktown Copper & Iron 
Co., of Isabella, started to build its plant in 1908. Both plants were 
started for the purpose of relief from the damage done to vegetation 
in the surrounding coimtiy by the sulfur fumes and to utilize the valuable 
constituent of the ores that had previously gone to waste. Acid making 
was started by the Tennessee Copper Co. about Dec. 1, 1907; and from 
that date the Ducktown basin has been a continuous producer of sulfuric 
acid. The plant of the Ducktown Sulphur & Iron Co. was put in opera- 
tion on Jime 11, 1909. 

At present, three mining companies are operating in the Ducktown 
basin; these are the Tennessee Copper Corpn., operating the Burra Burra 
and London mines; the Ducktown Sulphur & Iron Co., the chief operation 
of which is the Mary mine; and a new company, the Ocoee Copper Co., 
which has developed a mine joining the old East Tennessee mine, and 
which has in addition leased, for 10 years, the old East Tennessee mine 
from the Ducktown, Sulphur Copper & Iron Co. 

Location 

The Ducktown district is in the extreme southeastern comer of 
Teimessee; the principal mines are within a few miles of both the Georgia 
and the North Carolina state lines. The district is served by the Blue 
Ridge division* of the Louisville & Nashville Railroad, and is half way 
between Knoxville, Tenn., and Atlanta, Ga. The principal railroad points 
in the Ducktown basin are Copperhill and Ducktown. The area is 
included in the Ducktown special map of the U. S. Geological Survey. 

* Biehaid 0. Cuney: “ Geology of Tennessee, ” 70-S2. (1857.) 

* James M. Saffoid: “A General Reconnaissance of tbe State of Tennessee,” 
69-68. (1866.) 
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Production 

This district, in late years, has had a more or less steady production. 
During the dull period of 1921, when most of the large western mines 
were closed, the demand for sulfuric acid was sufficient to keep the 
Ducktown smelters operating at nearly full capacity. The production of 
copper from this district since 1920 has been: 

POUKDB POUKDS 

1920 16,727,803 1922 13,979,031 

1921 15,084,294 1923 18,948,969 

The total production, to the end of 1923, is said to be 431,481,000 lb. 
The figures on production of sulfuric acid for this district are not avail- 
able, although the production and selling of this byproduct of the copper 
mining is one of the most important activities of this district. 

General Geology and Structure 

The Ducktown copper deposits were first described by Safford,® in 
1856. In recent years, they have been described by Henrich,^ Kemp,* 
Weed,® Emmons and Laney,^ Taylor,® and Gilbert.® The following 
general r4sum4 of the geology and structure of this region is taken from 
these different articles; from the work of the U. S. Geological Survey 
in adjoining areas; and from information obtained by the author on 
several visits to this region. The best description of the formations and 
important features of the geologic history of this region as a whole is 
given in the Nantahala Folio. 

Ducktown lies in the Unaka Mountain province of Tennessee and 
just east of the great valley of east Tennessee, which is part of the 
geological province known as the Appalachian Valley. The Ducktown 
basin is composed of a series of metamorphosed sedimentary schists. 
These rocks are known as the Ocoee series, but their age is not definitely 
known; some of them may prove to be of late Paleozoic age. The prevail- 
ing rocks are sandy schists and graywackes with interbedded mica schists. 
The most prominent beds are the metamorphosed phase of a series of 

»Op. eU., 63-66. 

^C. Henrich: Ducktown Deposits and Treatment of Ducktown Copper Ores. 
Trana. (1895) 26, 173. 

‘ J. F. Kemp: Deposits of Copper Ores at Ducktown. Trans, (1902) 81, 244. 
®W. H. Weed: Copper Deposits of the Appalachian States. U. S. Geol. Surv. 
Bvll, 455 (1911). 

^ W. H. Emmons and F. B. Laney: Mineral Deposits of Ducktown, Tenn. U. S. 
Geol. Surv. BvU, 470 (1911). 

® J. H. Taylor: Pyrite and Pyrrhotite Resources of Ducktown, Tenn. Trans. 
(1918) 69 , 88. 

»G. Gilbert: Oxidation and Enrichment at Ducktown, Tenn. Trans. (1924) 70, 
998. 

Arthur Keith: U. S. Geol. Surv. Geol. AUasy Nantahala Folio (1907). 
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sedimeDtary beds of sandstones, conglomerates, grits, and shales. Most 
of these beds are highly siliceous. However, the most characteristic 
feature of the whole series is the lack of effective sorting, of the material 
making up these beds, both as to size and composition. The rocks have 
undergone close folding, some thrust faulting and severe metamorphism, 
and both bedding and schistocity approach the vertical. The structure 
of this region has been worked out by the different mining companies and 
various folds and faults have been mapped. 

According to Emmons, thin lenses of limestone were deposited in the 
great series of sedimentary rocks whose metamorphosed equivalents 
occupy the Ducktown area. At no place on the surface in this district 
are such limestone beds exposed. In the lower levels of the old East 
Tennessee mine, limestone is said, by Emmons, to be exposed at several 
places; this limestone contains layers of biotite and muscovite, which are 
parallel to the bedding planes of the rock that it enclosed. As there 
is little, if any, lime in the country rock, the calcite and lime silicates found 
in the mines are derived from a very limy bed of the sedimentary series, 
which is an explanation favored by Emmons, or the lime has been intro- 
duced along with the ore. 

The Orebodies 

The orebodies consist of lenses of heavy sulfide occurring in the Ocoee 
schists, and are somewhat similar in type to those found elsewhere in the 
Appalachians. The contacts of the orebody and the country rock appear 
to be roughly parallel to the bedding planes of the metamorphosed rocks. 
The lenses of ore have a general northeastward strike and a general dip to 
the southeast, though at places they dip northwest. The orebodies 
outcrop in three roughly parallel lines. 

The primary ores are composed mainly of pyrrhotite, pyrite, calco- 
pyrite and sphalerite, but the amount of • pyrite varies considerably. 
The gangue material is quartz, calcite, tremolite, and numerous other 
silicates. Where the copper content is above 1 per cent, or where there 
is a high sulfur content, the material is considered as ore. All of these 
ores contain a high percentage of iron and about per cent. zinc. 
Experiments have been carried on for a number of years by the companies 
operating in this district looking toward the recovery of the iron content 
of the ores. Recently the Ducktown Sulphur, Copper, & Iron Co. stated 
that it would put up a sintering plant for the recovery of this iron. Where 
the ore grades into lime silicate rock and the sulfides become less abun- 
dant, it is not commercially workable. 

These ore zones vary from a few feet to nearly 200 ft. in 
width; the average width is probably between 50 and 76 ft. Ac- 
cording to Gilbert, the ores from the different mines are more or 
less distinctive, pyrite being noticeably abundant at the Burra Burra 
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mine, while the Many mine contains very little pyrite and tremolite is the 
chief gangue mineral. The ores from the London, Isabella, Eureka, and 
old Tennessee mines are much like the two types just mentioned, but are 
in general a mixture of the two, being intermediate between them. 

On the School property, the ore has an approximate analysis of 1 per 
cent, copper, 29 per cent, sulfur, and 25 per cent. iron. This ore is slightly 
different from the ore mined and treated by the other companies in the 
district, and before it can be utUized a new process for its treatment must 
be developed if its mining is to be profitable. The Ocoee Mining Co.’s 
mine joins the old East Tennessee mine and its ore should be similar to 
the ore encountered there. 

The Ducktown orebodies were originally capped by a heavy gossan, 
which was often 100 ft. thick and consisted of very pure iron ore (limo- 
nite). A large amount of this gossan, averaging 40 to 50 per cent, iron, 
has been shipped at different times as iron ore. 

Below the gossan lies the zone of secondary sulfides, being the zone 
from which the “black copper” was obtained during the early days of 
this mining district. All of this black copper oxide has been mined out 
and it is doubtful if there are any places where it will be found in the 
future. This ore was remarkable for its fineness and its richness. Only 
an occasional small pocket of this ore can be found in the walls of some of 
the old workings. It is probable that this ore yielded from 20 to 30 per 
cent, copper, as the figures given by Currey*' on some of the first ore 
shipped from this district show that it contained 14^ to 32^ per cent, 
copper. Henrich describes black copper oxide as follows: “The zone 
contained rich copper ores, distributed in patches of varying dimensions 
(but not as a continuous body) within a zone or layer extending more or 
less horizontally across the vein, in thickness varying from 2 to 8 ft., 
and more, above the sulfuret orebodies and below the gossan. Such a 
deposit would, at times, extend over the whole width of the orebody from 
wall to wall and for long distances along the strike. If of such horizontal 
extent, it was also usually of considerable depth. In other places, the 
black copper would be found only in small pockets or seams of limited 
extent and then usually along one or other of the walls of the ore deposit. 
Detached deposits of such ores would also occur more in the center of the 
ore deposit.” The most important minerals of this “black copper” 
according to Gilbert was probably chalcocite. 

There is a distinct relation between the bottom of the gossan deposit 
and the water tables of this region and, as would be expected, the top 
of the gossan roughly parallels the surface of the ground, except that it 
thickens on top of the high hills and is closest to the surface in 
the creek bottoms. 


»» Op. ca., 74. 
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Notes on the Clinton Group in Alabama 

Bt Tbuman H. Aldbich, M. £., Bibmingham, Ala. 

(Birmincham Meeting, October, 1024) 

The ted, or fossiliferous, ore is found in the Clinton group of the 
Silurian formation. This group is from 100 to 500 ft. thick in Alabama, 
and its outcrops have been mapped by the State or the U. S. Geological 
Survey. In some places, it is entirely missing (doubtless islands in the 
Silurian Sea). In Etowaih County, in part of Greasy Cove and vicinity, 
the upper seam is a coral reef impregnated with the red ore; in this same 
county, step faults bring up the ore in three or four practically parallel 
ridges. 

In Blount Coimty and on Raccoon Mountain, the ore runs under the 
carboniferous rocks and outcrops in the valleys. When examining the 
logs of holes drilled for oil, wherever the drill has gone deep enough, the 
writer has found the Clinton group underlying the Warrior coal field. 
The following records of holes drilled primarily for oil, given in Bull. 
No. 22, Geological Survey of Alabama, show the presence of either ore or 
red rock, and suggest vast resources yet to be outlined and developed for 
ore in the future. The locations are given by number on the map. 

Hole No. 1 was drilled 6 miles southeast of Russellville, Franklin 
County, by the Woodward Oil & Gas Co. It passed through 160 ft. of the 
Clinton, but only a small show of red ore was found at 1280-1400 ft. 

A test well, No. 2, drilled near Atwood, Franklin County, in section 
26, township 8, range 14, penetrated the Clinton at 1608 ft. and found 38 
ft. of limy red rock, also 8 ft. of some blood red ending at 1820 ft., making 
46 ft. of red rock in all. It is reported that some good ore was cut through 
but this work was done by a chum drill. At least 400 ft. of the forma- 
tion was classified as Clinton. 

Well No. 3, called Frankford Well, was bored by S. A. Hobson and 
associates in the northwest quarter of section 7, township 6, range 12, 
Franklin County. At 927 ft., it is supposed to have entered the Clinton ; 
the log is as follows: 

Ft. 

Sandy limestone with reddish, high ferruginous argillaceous inclusions 10 


Same growing more ferruginous 18 

Hematitic limestone 30 

Same with slightly less iron 23 
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ending at 998 ft. It is to be noted that the irony material occurs at the 
very base of the Clinton. 

Hole No. 4, drilled near Bridgeport, Jackson County, encountered 
several htmdred feet of Clinton, but the exact drill record is unknown, no 
ore was shown. 

Several holes. No. 6, were drilled along the Brown’s valley anticline 
in Jefferson Coimty; the Clinton formation was penetrated in some, but 
no record is available. 

The Pratt Consolidated Coal Co. made two tests with a diamond 
drill, one at Flat Creek, Jefferson County, in the northeast quarter of the 
northwest quarter of section 19, township 16, range 5 west, where the 
Clinton formation was penetrated at 2798 h. The whole section showing 
the Clinton is given as it is the most important record preserved. 


Stabtikq at 2798 Ft. 


Fbbt Inobto 

Femiginoiis sandstone, lean ore 0 6 

Sandstone 30 6 

Green shale, 2 ft. lean ore at top 4 6 

Lean ore 0 3 

Shale and sandstone 2 8 

Lean ore 6 8 

Sandstone 26 11 

Green shale 6 3 

Lean ore matter with white fossils 0 3 

Green sandy shale 2 0 

Lean sandy ore 0 6 

Shale 1 3 

Lean ore 0 3 

Sandstones, limestones and shales interbedded 41 6 

Iron ore 2 8 

Coarse pink crystalline limestone with ore interbedded, shaly 

in places, ore about 60 per cent, rock 20 4 

Ore, good fine grained (one piece ran 43.20) 7 2 

Ore 0 1 

Shale 0 4 

Base of Clinton at 3003 


Good and lean ore is shown, which is highly significant; the best layer 
is at the base of the formation directly above the Trenton. 

The second well, drilled at Praco, JeflFerson County, about 3 miles 
southwest of the other was probably not finished down to the Trenton; 
it showed several layers of ore in the last 200 ft., one over 1 ft. thick. The 
two holes are much alike; this also is a diamond-drill hole. Coiusiderable 
gas and some oil came out of this hole, and is still exuding. 

Hole No. 7, or what is known as the Hamilton well, in Marion County, 
section 25, township 10, range 14 west, though 3 miles northeast of the 
town, was drilled by the Gulf Producing Co. At 2160 ft., a ferruginous 
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limestone 37 ft. thick was entered; immediately under is 2 ft. of hematic 
ore, which is underlaid with a ferruginous limestone 31 ft. thick. This 
is evidently an ore horizon. 

Hole No. 8 — the Pennsylvania Oil & Gas Co. drilled several wells in the 
vicinity of Jasper, Walker Coimty. Well No. 1, in the northwest quarter 
of the southeast quarter of section 22, township 14, range 7 west, entered 
the Clinton horizon at 2610 ft. and continued through red material to 
2720 ft., or 110 ft. of Clinton. 



Fig. 1. — Outline op coal fields and iron-ore outcrops in Northern Alabama. 


A well drilled at Calumet, 2.6 miles south of the other wells, pene- 
trated red lime rock for 106 ft., or from 2675 to 2780 ft. 

A well. No. 9, at Hale 3 rville, Winston County, passed through 260 ft. 
of Clinton, basing at 2035 ft. The same company (Woodward Oil & 
Gas Co.) also drilled a well at Double Springs, almost in the center of 
the county, which passed through 150 ft. of Clinton. The records show 
red and green limestone and shale; the base is given as 1940 ft. 

The outcrops of red ore are fairly well known and an enormous amount 
of available ore has not been touched. Of course the Birmingham valley 
deposits are exceptionally thick, but they vary in quality and quantity. 
It has been proved that the best ore runs in comparatively narrow bands 
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not parallel to the outcrops, perhaps, though following the shore lines 
of the ancient sea. The writer thiiJcs that iron-producing bacteria may 
account for some deposits and the occurrence of a coral reef containing 
24 to 30 per cent, of iron, even in ^'hard'' ore, shows a deposition in a 
shallow sea, probably without replacement or chemical change. From 
the evidence adduced it is quite probable that the future supply is vastly 
greater than heretofore supposed. 

The leaner ores have been successfully concentrated, but this whole 
question is being carefully studied by the Bureau of Mines Station at 
the State University, Tuscaloosa, with the State Geological Survey 
assisting. 

As the Clinton formation underlies the Warrior coal field, it is rea- 
sonably certain that the red ore showing on both sides of Lookout Moun- 
tain and Raccoon Mountain must underlie these coal rocks; their dips 
confirm this. 

Fig. 1 gives the outlines of the three coal basins and the approximate 
outcrops of the red ore; the small scale precludes great accuracy. We are 
indebted to the publications of the State Geological Survey for most of the 
information herein. 
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Phosphate Deposits of Idaho and Their Relation to the 

World Supply* 


By Vibgil R, D. Kibkham4 Moscow, Ida. 

(New York Meetixis, February, 1925) 

North America has for many years led the world in phosphate pro- 
duction, but with development of African deposits and their marketing 
conditions with respect to European countries, this leadership will 
shortly pass to Africa. Algeria, Egypt, Tunis, and Morocco have large 
phosphate reserves and a correspondin^y large production because of 
easy mining and a ready European market, which was developed during 
the war. An increase in home consumption is destined to develop for 
the eastern American fields, and the countries of the Pacific will provide 
a market for the western producers. New processes indicate a decrease 
in fertilizer costs, which will encourage a more widespread domestic use 
and assure better marketing conditions. The African deposits, although 
benefited by a water haul, have the disadvantage of being isolated from 
a source of acid so that the crude rock is shipped from Africa to its destina- 
tion, whereas in the United States the chief product shipped is acidulated 
rock or various types of superphosphatic fertilizers. . 

The principal types of phosphate deposits used in the manufacture of 
fertilizers are guanos, apatite, phosphatic marl, phosphatic limestone, 
phosphatic shale, and phosphate rock which is also known as phosphorite. 
Some of these deposits are found on each of the continents; Table 1 gives 
their occurrence, age, location, character, extent, etc. Most of the 
information found in this table represents a compilation of information 
published elsewhere in a different form and widely scattered. 


* Published by permission of Seeietuy of the Idaho Bureau of Mines and Geology, 
t Assistant Professor of Geology, Univerei^ of Idaho; Geologist of Idaho Bureau 
of Mines and Geology. 
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Cretaceous Shafts and tunnels Left on dump 8,000,000 tons* Unsuccessful 
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L R. Mansfield: Phosphate Resources of the United States; Second Pan-American Sci. Con. BuU, (1015-16) 21. 
Compilation of yearly statistics of the U. 8. Geol. Surv. Mineral Reaourcee, 
estimates of U. S. Geol. Surv. and Idaho Bureau of Mines and Geology. 



316 


raOSPHATB DEPOBIT8 OF IDAHO 


This country has a variety of phosphate deposits. Many of them are 
of low phosphate content and will remain undeveloped for a long time. 
Curiously, the region that, by its agricultural age, first needed phosphate 
in the form of fertilizer was that in which the first commercial deposits 
of phosphate rock were found. This nearness of market to source created 
an industry that has flourished for more than 60 years. Many foreign 
countries have used phosphate fertilizers for a much longer period and, 
consequently, have used all their high-grade deposits and much of their 
low-grade material. This country, although having used much of its 
eastern supply, retains so much untouched high-grade rock in the Western 
States, as to put off the use of the equally large low-grade deposits to a 
far distant date. 

The demand for fertilizer in European countries and in the South 
Atlantic and Mississippi Valley States, which have been cropped [,for 
several generations, has developed a fertilizer industry in excess of 
$125,000,000 a year. More than 71,000,000 long tons of high-grade 
phosphate rock have been mined; the average annual production for 10 
years is about 2,600,000 tons, though 4,104,000 tons were produced 
in 1920. 

Although Europe is not now taking as much American phosphate as 
before the war, the industry is assured of a steady increase because of the 
increased domestic consumption produced by an awakening of American 
agriculturists to their needs and because of the new field for western 
phosphates in oriental coimtries. 

Table 2 shows the position of the various states in regard to produc- 
tion, reserves, etc., but does not include the names of states in which are 
found deposits of apatite, nelsonite, and low-grade marl, which have no 
commercial importance now and which give no evidence of importance in 
the near future. 


Idaho Phosphate Deposits 


The Idaho phosphate field, the largest within the United States, and 
so far as known the largest in the world, lies in the southeastern comer 
of the state. Phosphate lands have been examined in detail by the U. S. 
Geological Survey in Bannock, Bingham, Bonneville, Bear Lake, Caribou, 
Madison and Teton Counties and an area of 1800 sq. mi. is believed to 
be underlain, at a minable depth, by commercial phosphate rock. The 
most accessible part of the field lies in Bear Lake and Caribou Counties, 
and is served by the Oregon Short Line of the Union Pacific System. 
Branch railways serve some of the districts and wagon hauls of from 1 to 
12 miles connect many properties with the main line. Probably 95 
per cent, of the deposit is untouched because of lack of cheap transporta- 



VIBQIL B. D. KIBKHAM 


317 


tion, but favorable grades along drainage lines assure for the future many 
branch lines and spurs. 

The topography of southeastern Idaho is rough. The region is made 
up of a great series of tilted, folded, and deformed sedimentary rocks 
that in places have been cut by great overthrust and normal faidts. 
The maximum relief in the area* is more than 4000 ft. and many points 
exceed 9800 ft. in altitude. Several large rivers, lakes, basins, and ranges 
are found in the area, the most important of which are Snake and Bear 
Rivers; Bear and Grays Lakes; Teton Basin and Star Valley; and the 
Preuss, Aspen, and Caribou ranges. 

Geology of Idaho Deposits 

The rocks are mainly sedimentary with a rather full stratigraphic 
range from Lower Cambrian to Quaternary. This stratigraphic series 
includes more than 40,000 ft. of sediments and sixteen imconformities. 
The series includes forty-eight formations distributed from the top of the 
section to the bottom, as follows: Alluvium of two ages, travertine, basalt, 
quartz-latite, and rhyolite in the Quaternary; basalt, dacite, rhyolite, 
trachyte, andesite, volcanic ash, the Salt Lake formation and the Wasatch 
formation in the Tertiary; the Wayan formation, Tygee sandstone, 
Draney limestone, Bechler formation, Peterson limestone, and the Eph- 
raim formation in the Cretaceous; the Stump and Preuss formations. 
Twin Creek limestone, and Nugget sandstone in the Jurassic; the Wood 
shale, Deadman limestone, Higham grit, Timothy sandstone, Thaynes 
group and Woodside shale in the Triassic ; the Phosphoria formation which 
is the phosphate-bearing series in the Permian; the Wells formation in the 
Pennsylvanian; the Brazer and Madison limestones in the Mississippian; 
the Three Forks and Jefferson limestones in the Devonian; theLaketown 
dolomite, in the Silurian; the Fishhaven dolomite. Swan Peak quartzite 
and Garden City limestone in the Ordovician; the St. Charles, Nounan, 
Bloomington, Blacksmith, Ute, Spence, and Langston formations, and 
the Brigham quartzite in the Cambrian period. 

The region is greatly folded into wide synclinoria and narrow comple- 
mentary anticlinoria. Many of these folds range between 30 to 50 miles 
in length and show a notable parallelism. The more important faults 
are overthrust in character and include certain ones with tremendous 
length and displacement. Normal faults of considerable size are abun- 
dant. Both faults and folds have a distinct economic relation to the 
phosphate beds, inasmuch as they have revealed the Phosphoria formation 
in many places where otherwise it would be buried under a vast thickness 
of overlying beds; in other places they have brought it close enough to the 
surface to be minable. 

The area is made up of a series of thrust-fault blocks separated by 
extensive overthrust faults running in a northerly and southerly direction. 
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The thrust in each instance is from west to east; thus bringing older rocks 
on the west of each fault into a position overlying younger rocks on the 
east. In these blocks, between the faults, are found synclinoria and anti- 
clinoria, the folds of which are approximately parallel to one another and 
to the fault lines. Many of these folds are fairly regular in form but the 



Fig. 1.— Location op phosphate fields op Idaho. 


greater number are unsymmetrical or overturned. The folding is so 
intense that iSfty folds have been mapped and named. Among the many 
important overthrust faults along which phosphate is exposed are the 
Bannock overthrust, 270 miles long with a horizontal displacement of 35 
miles, and the Absaroka overthrust, 200' miles long with a horizontal 
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displacement of 25 miles, and a stratigraphic throw of 20,000 ft. The 
St. Joto fault and the Snake River fault are overthrusts with a length 
over 36 miles and are similar to the larger overthrusts except in the degree 
of displacement. The Darby overthrust is credited with a length of 125 



Fio. 2. Shaded area in Fig. 1; shaded abba herb shows land underlain by 

PHOSPHATE BOCK. 


miles and a horizontal displacement of more than 15 miles. The Putnam 
overthiust represents the smallest and lies in the northwestern part of 
the region. The importance of faulting is attested by the number that 
^ve been mapi»d and named; more than sixty reverse and uopmoi faults 
have been studi^. Many curious and unusual structures result from 
this intense folding and faulting; horsts and grabens, fan folds drag 
folds, and “swalloi^” folds are often found. In general, the whole 
structural scheme is somewhat similar to that of the southern Appa- 
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Fiq. 4. — Open cut, showing phosphate beds in Georgetown Canton. 
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lachians, according to Dr. F. B. Laney. The phosphate is preserved in 
the synclineS; in the overthrust block of the Bannock and other faults, 
where the Carboniferous sediments have been brought to the surface 
and eroded. 

Idaho rock phosphate is characterized by a marked oolitic texture. 
Rounded concentric particles ranging in size from minute bodies, visible 
only by aid of a lens, to pebbles more than H in. in diameter, make up their 
texture’. The brown and gray rock are easily confused with coarse sand- 
stones. The color of this rock phosphate varies from a jet black as in 
the Montpelier area and an iron-stained brown at Paris and St. Charles, 
to a dull gray near Georgetown. The weathered outcrop is generally a 
characteristic bluish-gray color. 

The rock and the associated phosphatic shales and limestones give off 
a peculiar fetid odor when broken, which is typical of the phosphate- 
bearing strata and aids in identifying it in the field. The odor is no indi- 
cator of the richness of the deposits and disappears when the rock is 
heated. The rock in the workable seams carries from 32 to 40 per cent, 
of phosphoric acid and has a specific gravity ranging from about 2.90 
to 2.95. A specimen of phosphate rock from 8 miles east of Georgetown, 
Idaho, gives the following analysis.^ 


Analysis of Phosphate Rock pkom Near GBOBaBTOWN, Idaho 



Pbb Cbnt. 


Pbb Caxnr. 

Insoluble 

2.62 

TiO, 


SiO, 

0.46 

CO, 

2.42 

A1,0, 

0.97 

P.O. 

33.61 

Fe,Oi 

0.40 

so, 

2.16 

MgO 

0.36 

F 

0.40 

CaO 

48.91 

Cl 


Na,0 

0.97 

Organic Matter 


KiO 

0.34 



H,0 

1.02 


96.97 

H,0+ 

1.34 




Origin of the Deposits 

The origin of these deposits has received much attention and has great 
economic importance, especially in computing reserves. If the rock is 
of secondary origin only shallow deposits of high-grade rock could be 
expected to imderlie these areas. A great amount of detailed work by 
many competent geologists has revealed that, to the contrary, they may 
be considered as true bedded deposits, laid down under marine conations 
similar to shale or limestone. The apparent great extent and uniform 

^ H. S. Gfile and R. W. Richards; PreUminary Report on Phosphate Deposits in 
Southeastern Idaho and Adjacent Parts of Wyoming and Utah. U. S. Geol. Sunr. 
B%a. ( 1909 ) 430 , 465 . 

TOL. uno. — ^21 



322 


PHOSPHATE DEPOSITS OP IDAHO 


thickness cause them to be regarded as true sedimentary strata. Esti- 
mates as to reserve are made upon this assumption. 

The sources of the phosphoric acid and the mechanics of its accumula- 
tion have been the cause of considerable controversy. An abstract of 
Blackwelder’s* hypothesis ai| to origin is substantially as follows. 



Fig. 5. — Black phosphate bed opened by surface stripping at Waterloo Mine. 

In the ocean special conditions of currents, temperature, etc., not yet understood, 
may have induced wholesale killing of animals over large areas and accumulation of 
putref 3 ring matter on the sea floor in moderate and shallow depths. Decomposition 
through the agency of bacteria produced ammoniacal solutions which dissolved the 
solid calcium phosphate in bones, teeth, brachiopod shells, and tissues. For physico- 
chemical reasons, already partly understood, the phosphatic material was quickly 
redeposited in the form of hydrous calcium carbo-phosphates, locally filling, incrusting, 
and replacing shells, teeth, bones, etc., but especially forming small rounded granules 
of colophanite and finally a phosphatic cement among all particles. After having 
been formed in quiet water, some of the granules were reached by bottom-scouring 
currents and incorporated in clastic deposits and in some instances were strewn over 
eroded rock surfaces and so became constituents of basal conglomerates. 

Some of Mansfield^s* conclusions in regard to the origin are as follows: 

1. The phosphatic oolites and their matrix were probably deposited originally as 
carbonate of lime in the form of aragonite. 

2. The waters were probably shoal and of warm or moderate rather than of 
cold temperature. 

* Eliot, Blackwelder: Origin of Rocky 'Mountain Phosphate Deposits: BvU. Geol. 
Soo. Amer. (1915) 26, 100. 

* G. E. Mansfield: Origin of the Western Phosphates of the United States. Am, 
Jrd. of Sci. (1918) 46 . 
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3. The phosphatization of the oolitic deposit was probably subsequent to its 
deposition rather than coincident with it, . . . under conditions favorable for the 
deposition of the carbonate but not of the phosphate of lime. 

4. Cooler temperature in the waters of deposition, checked the activities of the 
denitrifying bacteria and hence the conditions favorable for the formation of oolitic 
limestone. At the same time plant and animal life increased in the waters and 
furnished the decaying matter necessary for the phosphatization of the oolitic lime- 
stone in the general manner set forth in Blackwelder’s account given above. Perhaps 
Pardee's idea of glacial climate may have a bearing in this connection. 



Fig. 6. — Surface working; this ano Fig. 5 show inclination of beds along dip 

SLOPE. 

5. The sea in which the phosphate was deposited was closed off on the east, south, 
and west, but may have had connections with the ocean northward and northwest- 
ward, for Girty^ notes faunal resemblances traceable into Alaska, Asia, and eastern 
Europe, and Adams and Dick^ report the discovery of phosphate at apparently the 
same horizon in Alberta. 


Methods of Mining 

♦ 

Early mining consisted chiefly of surface stripping and open cuts, 
where the overburden was no more than 20 ft. thick. Present develop- 
ment consists of entering the flanks of the synclines, anticlines, or mono- 
clines by adits at the lowest possible surface levels. On encountering the 
beds, drifts are driven along the strike of the phosphate. From the 


* G. H. Girty: The Fauna of the Phosphate Beds of the Park City Formation in 
Idaho, Wyoming and Utah; U. S. Geol. Surv. BvU, 436 (1910) 8. 

*F. D. Adams and W. J. Dick: Discovery of Phosphate of Lime in the Bocky 
Mountains, Commission of Conservation, Canada, Ottawa (1015). 
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drifts, stopes are raised to the surface on the dip slope of the phosphate 
bed. The adits and drifts are the haulageways, and these and some of 
the stopes act as the airways. Easy mining by this method^requires 
steeply dipping phosphate beds in order that gravity may carry the ore 
from the stopes to the drifts. 

Economic Factors 

The western phosphate deposits, although as yet little utilized, are 
being used chiefly in the manufacture of superphosphates for fertilizer. 



Fig. 7. — Sulfuric-acid plant op Anaconda Copper Mining Co., at Anaconda, 

Mont. 

The companies now mining phosphate and manufacturing superphos- 
phates are meeting the demand for fertilizer from the Pacific Coast States. 



Fig. 8. — SuperpIosphate plant op Anaconda Copper Mining Co., at Anaconda, 

Mont. 

Numerous processes for making soluble phosphates have been developed 
and described.^ 


*H. S. Gale: Suggested Manufacture of High-grade Superphosphates. U. S. 
Geol. Supv. BuU. 470 (1910) 449. 

W. C. Phalen: Phosphate Bock. U. S. Geol. Surv. Min, Rea, (1915) II, 239. 
W. H. Waggaman and W. H. Fry: Phosphate Bock and Methods Imposed for 
its Utilisation as a Fertiliser. U. S. Dept. Agr. BuU, 312 (1915). 
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SUPEBFHOSPHATS OB DoXJBLE PHOSPHATE 

Because of its relatively low phosphoric acid content, shipping ordi- 
nary acid phosphate over long distances is uneconomical/ Supeiphos- 
phate, or “double phosphate,’’ a product containing from 48 to 50 per 
cent, available phosphoric acid, is made for long-distance shipment. 



Fio. 9. — Tkucking phosphate bock from mine bins to saxuboad. 



Fia. 10. — TiPPlJ! LOADING OF CARS AT MoNTPELIER, IdA. 


In the manufacture of superphosphate, the phosphate rock is treated 
with sulfuric acid, producing phosphoric acid, which is filtered, concen- 
trated by evaporation, and used to treat additional phosphate rock. The 
resulting mix is known as “superphosphate’’ or “double phosphate.’’ 
The raw phosphate rock is crushed, dried, and ground in ball-mills to 
pass through a 65-mesh screen, and then digested with 60° B4. sulfuric 
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acid in air agitators. The pulp is washed and filtered, while the liquid 
is concentrated, by evaporation, to 65 per cent. H«P 04 . This concen- 
trated phosphoric acid is used to treat fine raw phosphate rock in the 
mixers. The mixed material is discharged into “dens,” and then con- 
veyed to the driers. After being dried and disintegrated, it is bagged 
ready for shipment. The chemical reactions are: 

Ca,(P04)s3H,S04 + 6H,0->2H3P04 + 3(CaS04.2H*0) 

4H,P04 + Ca»(P04)»->3CaH4(P04)t. 

Treble superphosphate is made by treating raw rock with an equal 
weight of 60 per cent. HsS 04 to make phosphoric acid, which is then 
mixed with pulverized raw rock in the proportion of two parts of phos- 



Fig. 11. — ^Phosphate bunkers and loading machinery at municipal terminal 

No. 4, Portland, Orb. 

phoric acid to three of raw rock. This product contains more i.hnn 48 
per cent, of available phosphoric acid. 

Processes in Which Phosphorous or Phosphoric Acid Is Volatilized 

Although the various processes for the production of available phos- 
phoric acid from phosphate rock by volatilization are still in the experi- 
mental or semicommercial stage, they show such promise of being com- 
mercially practicable and appear so well suited for the utilization of the 
Idaho phosphates that they are well worth considering here. 

Most of the work on the volatilization processes has been done by the 
Bureau of Soils of the U. S. Department of Agriculture. Ross, Carothers, 
and Mery^ did the first work on electric-furnace volatilization of phos- 
phoric acid at Arlington Farm, Va. It was found that concentrated 
phosphoric acid could be so made that additional cost of manufacture 
would be offset by the saving in freight. They showed that with electric 
power at $25 per horsepower-year, phosphoric acid (PtOs) could be pro- 

' W. H. Boss, i. N. Carotheis and A. R. Mery: Use of Cottrell Proceas to Recover 
Phosphoric Acid Evolved in Volatilisation Method of Treating Phosphate Rock; Ini. 
dt Eng. Cham. (1917) 9, 26. 
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duced and recovered at a cost of 3.37 cents per pound exclusive of interest 
on investment, taxes, and royalties. This cost compared very favorably 
with that of the HsS 04 method. Later, Waggaman and Wagner showed 
that the mine-run phosphates of Florida, which in their natural state 
contain impurities that preclude that treatment with sulfuric acid until 
after thorough washing and screening, could be smelted directly in the 
electric furnace. Further work was done by Waggaman and Turley, usii^ 
an oil-fired funace. 

The best test of a series showed a volatilization of 97 per cent, of the 
phosphoric acid in the charge, with a yield of 5.56 lb. P 2 OS per gallon of 
fuel oil costing 5 cents per gallon. The cost of the fuel constituted 14.4 



Fig. 12 . — Another view of phosphate buneebs at Portland, orb. 


per cent, of the value of the products for fertilizer purposes; while in the 
sulfuric acid process the cost of H 2 SO 4 is 23 per cent, of the value of the 
products. The phosphate rock used was run-of-mine material from the 
hard-rock phosphate mines near Newberry, Fla. 

The production costs per ton of phosphoric acid by the volatilization 
method are much lower than the costs by the sulfuric-acid process, as 
shown by the figures of $49.83 for the former and $81.25 for the latter. 
This makes the cost per pound of P 2 OS at 2.49 cents by the volatilization 
method and 4.05 cents by the acid process. 

Recently, some work has been done using coal dust as a fuel in the 
volatilization of the phosphoric acid. Compressed air is used to blow the 
coal dtist into the furnace and to supply the air necessary for the combus- 
tion of the fuel and the oxidation of the phosphorus. Indications are 
that the coal-dust fired furnace can be successfully applied here. 



328 


PHOSPHATE DEPOSITS OP IDAHO 


Some of, the advantages of the volatilization process are: 

1. Low-grade phosphates can be treated by this process; the£» could 
not be treated by the sulfuric acid process; many of the low-grade phos- 
phates are almost self-fluxing. 

2. Elimination of concentration by washing is effected. 

3. A high-grade product suitable for long-distance shipping is ob- 
tained. 

4. The cost of production per unit of phosphoric acid is cheaper than 
by the acid process. 

Typical Plants Using Idaho Phosphate Rock 

The Mountain Copper Co., Ltd., Martinez, Contra Costa County, 
Calif., manufactures acid phosphate called Superphosphate'' containing 
17.50 per cent, available P 2 O 5 . Its flow sheet is as follows: 

Flow Sheet 

Idaho phosphate rock (70-85 per cent. Ca 8 P 04 ) 

Stock piles 

i 

Bunker 

Jawcrusher 

i j I 

Kent mills 

Newago screens 

i I I 

H 2 SO 4 Undersize Oversize 

i 1 

Mixing chambers 

i 

Den (12 hours) 

i 

Disintegrating knives 

i 

Conveyor 

i 

Pfles. 

The shipments of rock are received from Idaho and unloaded into 
stock piles from which the rock is moved to a bunker that discharges, 
through a jaw crusher, into Kent mills, which deliver through Newaygo 
screens into the “flour” bin. 

From the flour bin, the ground rock is delivered into a mixii^ bowl in 
batches of about 600 lb. ; sulfuric acid is delivered into this bowl simul- 
taneously with the “ flour.” Enough sulfuric acid is added to satisfy two 
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of the three molecules of lime contained in the tricalcium phosphate j this 
leaves the third lime molecule in combination with the phosphoric acid 
as monobasic or "water soluble” phosphoric acid. After the charge is 
thoroughly mixed, it is dropped into a brick silo, or den where, it remains 



Fig. 13.— Thac^bins, and part op phosphate mines of Anaconda Copper Mining 
Co., AT CoNDA, Ida.; part op town lies in center op picture. 

overnight, after which it has reacted and set sufficiently for it to be dis- 
charged through disintegrating knives on to a conveyor. The conveyor 
carries the material to the storage pUes, where it cures for several weeks 
before shipping. 



Fig. 14. — ^Plant op Idaho Phosphate Co. (successor to the Western Phosphate 

Co.), Paris, Ida. 

The acid phosphate produced, called “superphosphate,” is guaranteed 
to contain 17.5 per cent, available phosphoric acid ; it usually contains 16.75 
per cent, monoflasic, 1.00 per cent, dibasic, and 0.50 per cent, tribasic 
phosphoric acid. 

The Anaconda Copper Mining Co., Anaconda, Mont, manufactures 
“superphosphate” or “double phosphate” containing 48 to 50 per cent. 
avaUable PsOs. Its flow sheet is as follows: 
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Flow Sheet 

Idaho pho<q>bate rock in cars (70~85 per cent. Ca»P 04 ) 

Bins 

i 

Blake crusher (iH-in. opening) 

i 

Storage bin 

i 

Buggies Coles rotary drier 
Hardinge ball 1 mill 

l 

Newaygo screen (80-meeh) 

i 

Undersise Oversise 

i I- 

Storage bin 

i 

00° B6. HsSOi aOO ou. ft. bin No. 2 Dorr thickener overflow weak HiPOi 


No. 1 agitator 

l 

overflow 

i 

No. 2 agitator 

i 

overflow 

i 

No. 3 agitator 

i 

overflow 

i 

No. 1 Dorr thickener 

I 

overflow T 

i 

(22^25 per cent. HaPOi) 

Tower evaporator 
Strong H«PO« (50^ B6). 

i 

SO-mesh phosphate rook 
RookI— ^Pratt mixer 

i 

Dens 


8d>in. belt 

i 

Disintegrating knives 


Underflow 


No. 3 Dorr overflow 


No. 2 Dorr thickener 


Overflow 


Storage tank 

i 

No. 1 agitator 


Underflow 


No. 3 Dorr thickener 


l 

Overflow 

i 

No. 2 Dorr 
thickener 


Underflow 


Oliver filter 


No. 1 agitator 
Above 


Buggies Cole drier 

i 

Ground in Sturtevant ring role mill 
Sacked. 


Filtrate Cake 
and 4 
wash Waste 

i 

No. 8 Dorr 
thickener 



VIRGIL B. D. KIRKHAM 


331 


All incoming rock is dried and ground to pass through an 80-mesh 
screen, and then discharged into a storage bin. From the bin, it goes 
through a series of Dorr agitators. Sulfuric acid is added to the first 
agitator along with the fine rock. This produces weak phosphoric acid, 
which is removed in subsequent Dorr thickeners and elevated to a tower 
evaporator. The phosphoric acid is concentrated from 22® to 50® B6. 
(65 per cent.) in the coal-fired evaporator. This strong acid is mixed 
with fresh finely ground rock and then goes to the dens. It is then 
disintegrated, dried, ground, and shipped as “ superphosphate ’’ containing 
48 to 50 per cent, available phosphoric acid in the form of CaH 4 (P 04 ) 2 . 



Fig. 15. — Waterloo Mine or San Francisco Chemical Co., at Montpelier, Ida. 

As most of the phosphate fertilizers are used in the Eastern and Central 
States, the future utilization of the Idaho phosphates lies in their conver- 
sion into products high in available phosphoric acid, to offset the high 
freight rates in order to compete with eastern phosphoric-acid fertilizer. 
The processes most suited are those for the conversion of the phosphate 
rock into acid phosphate, and superphosphate or double phosphate by 
sulfuric-acid methods, and into concentrated phosphoric acid by the 
volatilization method. The acid phosphate can stand shipment charges 
to the Western States. The superphosphate and concentrated phosphoric 
acid can be shipped to all parts of the country. 

With improvement in methods and with modification of the furnace 
for coal-dust firing, the volatilization method for the production of 
phosphoric acid seems to be well §uited for the treatment of the Idaho 
phosphates. The coal beds in Teton County are located on the 
northern edge of the phosphate area and may be adapted for coal-dust 
firing. With the possibility of oil in southeastern Idaho and western 
Wyoming, oil-fired furnaces might be applicable. By combination of 
the strong phosphoric acid with nitrogen and potassium salts, a high- 
grade fertilizer can be produced that will stand shipment to all parts of 
the United States and to foreign countries. 
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Obstacles in Mabkbtino 

The Idaho deposits have, as their greatest disadvantages, a freight 
rate schedule that will not permit competition with the Tennessee deposits 
in the Mississippi basin or east of it; and which is equally prohibitive in 
an attempt at competition with the operators of guano deposits on the 
islands of the Pacific in supplying the Pacific Coast States and countries 
bordering the Pacific. However, the island deposits have relatively 
small reserves and are rapidly nearing depletion. Portland, Ore., has 
prepared for the incipient great phosphate trade of Idaho with the Orient 



Fig. 16. — Mine and plant of Abiebican Phosphate Cobpn., Montpelier, Ida. 

and all Pacific ports by establishing a special terminal fully equipped 
with storage bimkers, bins, loading machinery, etc. The Union Pacific 
System transports the phosphate from the Idaho field to this terminal. 
The storage facilities consist of eight concrete bins that have a combined 
normal capacity of 18,000 tons of phosphate rock, with delivery to vessel 
at the rate of 300 tons per hour, through two traveling ship’s towers 
operating along the harbor face of the pier. In addition to an extensive 
belt conveyor ^stem, a special box-car unloader is provided; this dis- 
charges the contents of a box car into a hopper in less than 8 min.; two 
Merrick weightometers have been installed and check the materials 
handled with an accuracy of 99 pea cent. Long wagon hauls and a 
general inaccessibility of much of the Idaho deposit is another factor that 
retards marketing. 


Tonnage in Reserve 

The original western phosphate reserve was set up on Dec. 9, 1908, 
but has been added to and reduced a number of times. Idaho had in 
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January, 1924, 720,534 acres of phosphate land in this reserve. In the 
tonnage estimates offered by the United States Geological Survey, only 
the main bed is considered and some high-grade and all low-grade rock 
was excluded. Many areas have not been examined thoroughly and may 
add much to the total; figures for Idaho up to 1923, as given by the United 
States Geological Survey, are 4,997,717,000 tons in reserve. From 
inspection of the field, the writer believes that a tonnage estimate of 
5,500,000,000 is not too great. 

Development and Production 

The development of the Idaho deposit has resulted in the entry into 
the field of six responsible companies. The San Francisco Chemical Co. 
began operating in 1907 under the supervision of Jos. J. Taylor who has 
done much toward stimulating development. Although all the com- 
panies have large holdings and have spent large sums of money, the 
Anaconda Copper Mining Co. has been the most progressive. It has 
established the townsite of Conda and built approximately 50 houses 
and cabins for its employees, as well as offices, bunk houses, a boarding 
house, a recreation hall, and a schoolhouse. A water system, refrigerating 
system, and railroad connections with Soda Springs 8 miles to the west, 
make this one of the most modem mining camps in the state. 

The production is as yet not large and has been estimated to be 
205,000 long tons, up to Jan. 1, 1924. However, this potential industry 
of southeastern Idaho, when running at full blast, will dwarf the now 
famous Coeur d’ Alene or Butte districts, as it will prove to be one of the 
most important factors in American industrial progress. With these 
deposits the existence in the future of American agriculture is guaranteed, 
provided potash and nitrogen are available. 

Idaho Phosphate Companies 

The American Phosphate Corpn., which is capitalized for $100,000, 
has its offices at Salt Lake City. The mine is located about 4^ miles 
east of Montpelier, in Bear Lake County. The underground develop- 
ment consists of about 2000 ft. of drifts and tunnels. The property 
consists of a lease of five claims secured from the San Francisco Chemic^ 
Co. The plant is gas driven and contains complete crushing and drying 
equipment with two 25-hp. F.M. engines, one No. 4 Gates gyratory 
crusher; one 45-ft. American dryer, and one 95-ft. 18-in. conveyor. The 
plant employs from four to six men and has produced each year since 
1920. liie wagon haul is 4)4 miles to the railroad. 

The Anaconda Copper Mining Co. has the hugest plant in the 
area. The mine is located at Conda, 8 miles east of Soda Springs in 
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Caribou County. The underground development includes 1335 ft. of 
drifts, 3050 ft. of crosscuts and tunnels, and more than 500 ft. of raises; 
1400 ft. of heavy timber trestles connect the mine with the storage bins. 
'Hie mine traclm are 36-in. gage and 60-lb. rails. Two 16-ton storage- 
battery locomotives pull the long string of 10-ton side-dump ore cars. 
Armstrong Shuveloders load the ore at the face. The property consists 
of a block of 23 claims, comprising 3403 acres, 8 miles of railroad coimect- 
ing Conda with Soda Springs, a complete crushing and drying plant with 
a capacity of 450 tons per day, a power plant 50 by 'SO ft., 'with steel and 
granite construction, an IngersoU Rand 1000-cu. ft. compressor; motor- 
generator set; one 450-kv. a. 44,000/2300-volt substation with three 
auxiliaries, one 3000-ton gunite storage bin with conveyor; one 420-tQn 
crude-rock feeding bin, one 1000-ton dried-rock storage bin, one No. 12 
Traylor bulldog gyratory crusher, several 22 by 54-in. Anaconda crushing 
roUs; one class A-12 Ruggles Cole dryer, one Vezin sampler and misc|el- 
laneous conveyors, elevators, and shaking feeders. All equipment is 
motor driven. A refrigerating plant is also operated. This company 
has produced since 1920 and has often employed as many as 115 men. 

The Bear Lake Phosphate Co. is situated at Paris; the mine lies 1^ 
miles west of Paris in Bear Lake County, Idaho. The underground 
development consists of 1500 ft. of electric-lighted double-track tunnel 
and an additional 1200 ft. of crosscuts and drifts. The property consists 
of 317 acres of patented land and 360 acres leased from the government. 
The plant includes a 1000-ton storage bin, one 160-cu. ft. electrically 
driven air compressor, and complete equipment for mining. The installa- 
tion of a large mill is being considered. Operations began late in 1919 
and lasted until 1923. About 10 men are employed when operating. 
The wagon haul is IJ^ miles to the railway at Paris. 

The Idaho Phosphate Co., which is the successor to the Western 
Phosphate Co., has offices at Salt Lake City, Utah, and at Paris, Ida. 
The mine is 3 miles southwest of Paris in Bear Lake Coimty. The under- 
ground development is extensive and includes 3000 ft. of tunnels, drifts, 
crosscuts, and winzes, besides 40 stopes each 250 ft. long. The property 
includes patented claims to the extent of 240 acres. A modem and com- 
plete mine plant includes compressors, machine shop, a large and fully 
equipped drying and crushing plant, electric power is pro'vided for all 
equipment, and the company owns 3^ miles of railway extending from 
the mine to Paris. The mine has been idle since 1920. 

The San Francisco Chemical Co. owns the Waterloo mine with offices 
at San Francisco, Calif., and at Montpelier, Ida. The organization is 
oapitidized for $200,000. The Waterloo mine is located 3 miles east of 
Montpelier in Bear Lake County. The underground development 
amounts to about 3000 ft. of tunnels and drifts approached by three 
adits. The property consists of ten patented claims comprising 505 
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acres. There are three storage bins, a blacksmith shop, and a TentUation 
and compressor plant. This mine was a steady producer from 1907 to 
1920, but has been idle since 1921. 

The Utah Fertilizer & Chemical Manufacturing Co. is capitalized 
for $100,000. The mine and property lies 8 miles east of Georgetown, 
Ida., in Bear Lake Coimty. Tlxe underground development is limited to 
tunnels and two shafts, amounting to 525 ft. The company owns sixteen 
patented claims, totaling 2316 acres, and includes some of the richest 
phosphate rock in the state. Development has been hindered by an 
8-mile wagon haul to the railroad. 
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DISCUSSION 

F. A. Wilder, North Holston, Va. — Reference has been made to.the 
manufacture of superphosphates by the volatilization method. Many 
of us who were at the Birmingham meeting last fall were impressed by 
two papers on that subject. The possibilites of making superphosphate 
by this method are promising and it may reasonably be expected that 
something of substantial importance will be developed by this means, 
which will make more available the more remote phosphate deposits. 

S. L. Willis, Coming, N. Y. — Some time ago, we made for one of the 
Middle West cement companies Pyrex glass insulators to replace porce- 
lain in the Cottrell dust precipitator, the assumption being that porce- 
lain was not giving satisfaction. The glass insulators were brick shaped 
13 by 9 by 2 % in. I believe that they are used in stacks of six or eight 
to obtain the desired height. The insulation ordinarily used in Cottrell 
systems is a pillar type varying from 24 to 36 in. in height. 

At the present time both types of insulator are manufactured in Pyrex 
glass, and there is an opportunity for considerable saving if the latter can 
be substituted for the former. 

As the troubles experienced have been due to the corrosive action of 
the potash in the cement dust, there would seem to be no reason why the 
pillar t3rpe of insulator should not give satisfactory service. If, on the 
other hand, the contour of the pillar type insulator has proved to be unsat- 
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isfactory in this service, the increased discharge path of the brick type 
insulator is sufiElcient reason for its use. 

G. R. Mansfield, Washington, D. C. (written discussion). — The 
writer is not sure of the author’s meaning, in the first paragraph, where he 
states that “The African deposits, although benefited by a water haul, 
have the disadvantage of being isolated from a source of acid so that the 
crude rock is shipped from Africa to its destination, whereas in the United 
States the chief product shipped is acidulated rock or various tjrpes of 
superphosphatic fertilizers.” There would seem to be little point in 
comparing external shipments from Africa with internal shipments in 
the United States. He is probably comparing shipments of African phos- 
phates with shipments of American phosphates to foreign markets. If 
so, figures available at the U. S. Geological Survey Office show that in 
1923 (figures for 1924 are not available) superphosphates (acid phos- 
phates) exported from the United States amounted to 42,156 long tons 
and that shipments of fertilizers of all sorts, including superphosphates, 
were only 269,061 long tons; whereas exports of phosphate rock in the 
same year amounted to 827,551 long tons. The phosphate produced in 
the United States in 1923 was 3,054,149 metric tons compared with 467,- 
384 for Algeria; 25,370 for Egypt; 225,395 for Morocco; and 2,338,000 
for Timis; or a total of 3,056,149 for northern Africa. The western phos- 
phate field, including Montana, Wyoming, and Utah as well as Idaho, 
has frequently been referred to as probably the largest phosphate field in 
the world, ^^ether, as stated on page 316, Idaho without the aid of its 
sister states may claim this honor is perhaps more questionable. 

On pp. 317-321, the geology of the region is briefly summarized and the 
character of the phosphate is briefly described and a chemical analysis 
is cited. No mention is made of Mississippian phosphate, except a 
brief tabular reference, although at one locality at least beds of 
high quality assigned to this period are apparently present in commer- 
cial quantity. 

On pp. 321-323, the origin of the phosphate is discussed and the writer’s 
opinions published some years ago are cited. Since the publication of 
that article the writer has had opportunities for further study and has 
foimd it necessary to change some of his conclusions. From present 
data, there seems little doubt that the phosphatic oolites were formed 
directly from phosphatic solutions or colloids on the sea bottom and were 
accumulated into sedimentary rocks, just as sand grains or other clastic 
materials are built into sedimentary formations. Space is insufficient 
to discuss adequately the conditions leading to the formation of the 
ooUtic phosphate beds. The writer has embodied his views in a detailed 
report on the phosphate field of southeastern Idaho, now awaiting publi- 
cation as a Professional Paper of the Geolo^cal Survey. 
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On pp. 326-327, where processes for volatilizing phosphoric acid are 
discussed, it would have been appropriate to mention the commercially 
successful electric furnace methods now in operation by the Federal 
Phosphorus Co. at Anniston, Ala. 

On p. 332, it should perhaps be added that the construction of the 
shipping facilities at Portland was begun in 1920, when phosphate mining 
throughout the phosphate districts of the country was booming. Orders 
from Japan gave rise to the hope of considerable oriental business. This 
business has largely declined and in the face of cheaper, water-borne, 
high-grade phosphate from the Pacific islands, it may not soon be revived. 

On pp. 332-333, tonnage estimates are briefly mentioned and the U. S. 
Geological Survey’s estimates are raised approximately 10 per cent. 
The Survey’s figures are admittedly conservative. They represent 
totals actually used in classifying the public lands under standard pro- 
cedure, which recognizes thickness, quality, and depth of beds in the 
light of geologic structure. 

On p. 335, general acknowledgments are made. A little more specific 
acknowledgment through the text would be desirable. For example, 
three of the U. S. Geological Survey’s photographs are used as illustra- 
tions but they are not distinguished from those supplied by mining 
companies or those taken by the author. 

R. W. Stone,* Harrisburg, Pa. (written discussion). — At the end of 
the first paragraph, the author says: ^‘The African deposits, although 
benefited by a water haul, have the disadvantage of being isolated from 
a source of acid, so that the crude rock is shipped from Africa to its 
destination, whereas in the United States the chief product is acidulated 
rock or various types of superphosphatic fertilizers.” One surmises that, 
in this sentence, the economics of the deposits in North Africa and the 
United States are being contrasted. If this is meant, one might suppose 
that the phosphate-rock industry m the United States does not have the 
advantage of water transportation. About 85 per cent, of the phosphate 
produced in the United States comes from Florida, and about 80 per cent, 
of Florida’s output is shipped by boat from Jacksonville, Port Tampa, 
Tampa, and Boca Grande. In other words, with a production of 
2,500,000 tons, only 500,000 tons leaves Florida by r^. Florida fur- 
nishes such a large proportion of the production of the United States 
that the phosphate-mining districts in Tennessee and Idaho need not be 
considered; therefore, the African deposits do not have any particular 
benefit by a water haul if it is intended as a contrast with the phosphate 
rock industry in the United States. A fleet of steamers for years has 
regularly carried phosphate rock from Florida to Norfolk, Va. ; Baltimore, 
Md. ; Carteret, N. J. ; and other points on the Atlantic Coast. 


* Assistont State Geologist. 
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Do the African deposits have a disadvantage by being isolated from 
a source of acid? Most of the plants in the United States making fer- 
tilizers from phosphate rock are in states bordering the Atlantic and most 
of those that make their own acid derive it from pyrite mined in Spain 
or from sulfur produced in Louisiana and Texas. The North African 
phosphate is sold mostly in southern Europe, where Spanish pyrites and 
Sicilian sulfur are comparatively close at hand. In other words, the 
source of acid for many of the fertilizer plants in the United States is 
much more distant from the place where utilized than are the African 
deposits from the sources of pyrite and sulfur, and the disadvantage of 
the African deposits seems questionable. 

Lastly, the statement seems to be that Africa ships crude rock and 
that in the United States the chief product shipped is acidulated rock or 
superphosphatic fertilizers. To be comparable, the statements should 
refer to the same thing. If it means shipments from the two countries, 
the tonnage of raw rock exported from the United States is several times 
that of the acidulated rock or superphosphate. If the contrast is in 
character of the rock shipped from mining localities, the rock leaving 
the phosphate mines in the United States is just as raw as that leaving 
the African mines. This last comparison, therefore, seems to be without 
good foundation and the whole statement is subject to revision. 

L. K. Ahmstrong, Spokane, Wash. — The discussion is really confined 
to two criticisms: The first respecting the relative marketing advantages 
of African and Idaho deposits; the other a disclaimer of the present 
importance of Idaho deposits and competition with those near the South 
Atlantic seaboard. The principal factor, however, and one of greatest 
ultimate importance, is the significant relative tonnages of those in 
southern Idaho (and I might add those in northeastern Utah and south- 
western Wyoming) as compared with those in the southeastern United 
States, and in other countries. I was deeply impressed with the state- 
ment that more than 5,000,000,000 tons exists as reserves in southeastern 
Idaho, this figure being somewhat reduced in U. S. Geological Survey 
estimates. I have no doubt that these estimates will be found as nearly 
correct as the more conservative estimate of the Survey. 
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Manufacturing Problems of Cement Industry 

By John J. Porter,* Hagerstown, Md. 

(New York Meeting, February, 1925) 

The requirements of the standard specifications under which Portland 
cement is sold have materially increased within the past 10 years, but 
practically all companies are now furnishing cement better than these 
requirements; in some cases exceeding them by nearly 100 per cent. 
From a sales standpoint, it is desirable to have a product that is 
uniform to a high degree and free from occasional quality troubles. A 
failure in quality, even if it affects only a few hundred barrels out of a 
yearly output of a million or more, is apt to be talked about in the trade 
and to affect the salability of the entire output. For these reasons, there 
has recently been great activity along the lines of quahty control and 
improvement; and some of the most interesting problems of the industry 
are in this field. 

From the manufacturing standpoint, the quality of cement is chiefly 
a matter of uniform and proper chemical composition of the raw mix fed 
to the kilns plus proper burning in the kilns; the fineness to which the 
cement is groimd, the proportions of gypsum, the method of seasoning, 
and the like are contributory factors. 

Uniform chemical composition of the raw mix has been one of the 
most diflScult problems to solve. Most plants will use from 1000 to 3000 
tons of rock per day and in but few cases is this material as it lies in the 
quarry even approximately uniform in composition. The problem, then, is 
to quarry and mix this raw material in such a manner that every handful 
passing through the kilns will have practically the same analysis as every 
other handful. To accomplish this purpose there are two methods of 
preparation: the wet and the dry. 

In each process, a stone storage is the first requisite of a successful 
plant. This storage place may handle the stone before or after crush- 
ing; its capacity may vaiy from two to three days’ up to several months’ 
supply, but it should be so designed that it can be filled as desired by 
the chemist and drawn at such points as will give a mixture of the various 
kinds of stone coming from the quarry and a reasonably uniform material 
going to the mill. The size of the storage place and the method of 
handling should be varied according to the nature of the material. 


* First Vice-president and General Manager, Security Cement & lime Co. 
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Following the stone storage, the two methods of manufacture diverge. 
In the wet process, the raw material is ground with enough water to make 
a thick slurry, which is stored in tanks and stirred so that the contents of 
any one tank will be absolutely imiform. The chemist, after analyzing 
each tank, can then mix the slurry so as to obtain a raw material for the 
kilns of practically uniform composition. In the dry process, the 
storage tanks are arranged so as to be filled in rotation and drawn 
together, thus ironing out the variation occurring from hour to hour in 
the stream of material; the final stage in this mixing process is usually 
storing, in what are known as silo tanks, the ground raw material before 
it is fed to the kilns. As each tank is filled, it is sampled and analyzed; 
two or more of these tanks are then drawn together in proportions to 
give exactly the composition required in the kiln feed. 

After many years of experience with these processes there is a wide 
difference of opinion among cement-mill operators as to their relative 
merits. It is generally conceded that xmiformity of mix is obtained 
somewhat easier with the wet process and there is some advantage in 
the cost of grinding the material wet. On the other hand, there is a 
decided economy of kiln fuel in the dry process and, in the writer's 
opinion, the full possibilities of obtaining uniform material through use 
of a series of mixing bins in the dry process are not generally appreciated 
or realized. 

Effect of Variation in Chemical Composition 

The raw material fed to the kilns must be uniform in composition and 
of the right composition. This might seem to be a simple matter, but 
small differences in the proportions of the lime, silica, alumina, iron, and 
magnesia are inevitable; further, what is the right composition at one mill 
is not necessarily the right composition at another. In other words, 
the proper chemical composition for high-quality cement apparently 
depends, to some extent, on the nature of the raw materials being used. 
The reason for this fact, if it is a fact, and the exact relations involved are 
not well understood, but it is probably these factors, which can only be 
worked out by experience, that are largely responsible for the quality 
difficulties of so many plants during the first year or two of their operation. 

The effect of some of the occasional, but less common, constituents 
of limestone on the quality of cement is not thoroughly imderstood. It 
is believed that the presence of appreciable amounts of phosphoric acid 
may, at least under some conditions, affect the quality of the cement. 
Whether this trouble is inherent in this element or whether it is due to 
the acid combining with a certain proportion of the lime and thereby 
making a necessary change in the proportions of the mixture is not 
known. It is thought that considerable quantities of potash and soda in 
the raw material may also affect the quality of cement, although this has 
not been proved and there are only indications to that effect. 
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Ihpobtancb of Cobbect Bxtbning 

The d^ree of btiming is a qualily factor of the greatest importance 
and is the one thing, perhaps, most frequently causing trouble. As 
fuel is one of the major items in the cost sheet, there is naturally a 
tendency to economize as much as possible in its use; occasionally this 
leads to a degree of underbuming that affects the quahiy of the cement 
made. This is particularly the case as there is no satisfactory method of 
measuring or recording and, hence, of standardizing the degree of burning. 
The methods generally used to check up burning are visual inspection of 
the clinker as it issues from the kilns and a test similar to the soundness test 
on cement made on the ground fresh clinker. Attempts have been made 
to use radiation pyrometers to measure the temperature of burning, andin 
that way control it. But, the burning of clinker is a fimction of time as 
well as temperature; in fact, it is by the time of exposure that the degree of 
burning is ordinarily controlled, the temperature being nearly constant 
and fixed by the nature of the fuel and the conditions of its combustion. 
There is a wide range between the minimum degree of burning, which will 
just get the cement past the specifications, and the maximum degree, 
which will produce the best cement that can be made from a given 
material. Any burning in excess of the latter is overbuming; overbumed 
clinker will grind into perfectly good cement, the only objection to it is 
from the standpoint of cost. There is a danger in imderbuming, how- 
ever, and one of the most interesting and important problems of the 
industry is to establish means of control that will enable the operator 
to know for a certainty when he is burning at the most economical point. 

Research Work Now Being Done 

An interesting problem is the possibility of producing a super-cement 
one having a materially greater strength than is now the practice, by 
carrying the lime in the mixture a little higher than at present, burning 
correspondingly harder, and grinding much finer. Much work has been 
done along this line, especially in Germany, but there is much more work to 
be done. Within the past year, a research organization, supported jointly 
by the Portland Cement Association and the Bureau of Standard, Has 
been established to study the fundamental chemical problems of cement. 
It is hoped that the result will be a better understanding of many things 
that are now puzzling the practical operating men of the industry. 

Factors Affecting Cost 

The principal factors in the cost of making cement are in the approxi- 
mate order of their importance, labor, fuel, power and repairs; the princi- 
pal operations into which these factors enter are quarrying, crushing, 
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grinding and burning. Rapid progress along the line of c(»t reduction 
has been made during the past decade. Ten years ago, somewhat over 
one man-hour of labor was required to make a barrel of cement; at present 
the average is only a little over one-half man-hour, as a result of the use 
of lai^r units, improved machinery, and the standardization of methods. 
The introduction of waste-heat boilers has also resulted in a material 
saving in cost at many plants. With this equipment, power can be 
generated at a cost of from 0.6-0.8 cents per kw.-hr., a considerable reduc- 
tion from the usual cost when using coal-fired boilers. In other words, 
the use of this equipment has reduced the total fuel consumption approxi- 
mately 50 lb. per barrel. 

The effect of this technical progress is to be seen in the relatively 
lower price of cement, compared with other structural materials. There 
was, of course, a great increase in the price of all building materials 
during the war and in the subsequent period but statistics compiled by 
Government Bureaus show that from 1912 to 1921 the price of Portland 
cement increased less than that of any of a large number of materials 
used in building and construction, and very much less than the average 
of all of them. 

The most interesting and valuable work on the grinding problems of 
the cement industry has been done by the research engineers of the Con- 
servation Committee of the Portland Cement Association. This work, 
so far, has been confined to the grinding of clinker in tube-mills but it has 
shown the fallacy of many generally accepted ideas. For example, it 
has been shown that the ratio of lime to silica, iron, and alumina is the 
one chemical factor affecting grindability, and that the silica, iron and 
alumina ratio, which for so long was considered important, is really of 
no effect. Another exposed fallacy is the effect of seasoning on grinda- 
bility. The temperatxuB of the clinker is of great importance but start- 
ing with cold clinker, exposure to the elements, resulting in increase in 
“loss on ignition, ” is detrimental to grindability. 

A number of important problems relating to grinding remain to be 
solved. The exact operation of temperature, in its effect on grinding of 
clinker, is not understood. We do not know if the data relating to grinda- 
bility in tube-mills can be applied bodily to other types of mills or whether 
it will be necessary to modify these data for each kind of grinding mill. 
Neither do we have adequate and systematic data regarding the relative 
efficiency of the various types of grinding mills on the various materials 
that must be ground. Experience in the industry would seem to indi- 
cate that certain mills may work efficiently on one material and may be 
very unsatisfactory at another location and on other materials. 

The burning of the cement clinker is the heart of the manufacturing 
process and some of its most interesting and important problons are 
found here. Since the adoption of the rotary kiln, tremendous progress 
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has been made in burning efficiency; but our knowledge of the process is 
still largely rule-of-thumb and there is great need for a systematic study 
of kiln operation and the reduction of its various factors to a quantita- 
tive basis. 

There is no really satisfactory expression for kiln output in relation 
to kiln size. Attempts have been made to rate output on the basis of 
kiln volume, shell area, area of cross-section at the burning zone, etc.; 
none of these methods will hold for all sizes of kilns. It is self-evident 
that for a given material the output will, within certain limits, be propor- 
tional to the amount of coal that can be burned per imit of time; or, in 
other words, to the area of cross-section in the biurning zone. It is also 
evident that the longer the kiln, the better prepared will be the material 
when it reaches the burning zone; hence, less fuel will be required per 
unit of output and the output will be larger for a given rate of combustion 
of fuel. It is also evident that the feed end of the kiln must have an 
area sufficient to pass the gases of combustion at the avaUable draft. It 
should be possible to work out the relationship of these various factors 
and to devise a formula that, for a given material and a given draft, will 
accurately express kiln output in relation to dimensions. 

A somewhat related problem is the relationship between output and 
fuel economy. For very low outputs radiation loss, being constant per 
unit of time, is excessive per unit of output; hence, fuel consumption is 
increased. For very large outputs, involving a high rate of combustion 
of fuel, the time of contact and the opportunity for heat transfer between 
hot gases and incoming material are lessened, hence, fuel consumption 
is increased. Between these extremes lies the most economical rate of 
production from the standpoint of fuel economy. This rate no doubt 
varies somewhat for different materials, but quantitative data, which are 
almost totally lacking at the present time, would be of great value 
to the industry. 

One of the most interesting problems is the effect of small variations 
in chemical composition and nature of raw materials on the output and 
fuel economy of the rotary kiln. It might be supposed that with a con- 
stant chemical composition all materials would bum the same, but this 
does not seem to be the case. Apparently, the form in which the silica, 
and perhaps other elements, is present in the raw material has a most 
important bearing on the ease of combination; as a result, at different 
plants the same size kiln produces widely varying outputs with widely 
varying fuel economy. Even at the same plant, in many cases, the out- 
put and fuel consumption vary from week to week and from month to 
month, according to the strata being taken from the quarry. There is 
great need for a simple test for “bumability” of raw materials so that 
these differences can be measured and predictions made in advance of the 
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utility of new materials* Such a test would also be of great use in exist- 
ing plants in adjusting a three-component mix to the most efficient point. 

It is self-evident, and has been known for many years, that the 
fineness of grinding of the raw material affects the ease of burning but 
there are not sufficient quantitative data to enable the manufacturer to 
calculate closely the most economical point of grinding, eveiything being 
considered. The problem of the effect of fineness of coal is being solved 
by the engineers of the Conservation Committee of the Portland Cement 
Association. It has long been supposed that the finer the coal the greater 
is the fuel economy, but the committee has foimd that in many cases there 
is no advantage in grinding finer than approximately 50 per cent. t*hrough 
the 200-mesh sieve. Under usual operating conditions, this fineness is 
sufficient to bum perfectly all the coal; and when all heat units have been 
released obviously there is nothing further to be gained. An incidental 
advantage of the use of coarser coal is the greater ease of handling. In 
some plants, the indirect saving through relative freedom from coal floods 
and spontaneous combustion in coal bins is an important factor. On the 
other hand, the use of coarse coal has not been satisfactory at some plants 
where it has been tried. There are, evidently, certain conditions neces- 
sary for its success that have not been determined, but the problem will 
no doubt be completely solved in the near future. 

There is, apparently, no such well-defined critical temperature in 
the operation of cement burning as exists in the iron blast furnace. 
Nevertheless, a high temperature is necessary and sufficient heat units 
must be furnished at this high temperature to make up for the radiation 
losses and heat carried out in the clinker. A number of experiments 
looking toward higher temperatures of combustion, principally through 
the use of preheated air, have been tried; while the results are conflicting, 
there seems to be some advantage in this practice. A mathematical study, 
similar to that made by Johnson^ for the iron blast furnace would be a 
valuable^guide to work in this field. 

Along the same line is the problem of the insulation of the burning 
zone of the rotary kiln. This has been repeatedly tried; the failure of 
the experiments was due to the difficulty of holdmg the lining. Ordinary 
firebrick lining owes its stability to the cooling of its outer surface by radi- 
ation from the kiln shell, and when this is prevented, its life is only a 
matter of a few hours. No manufacturer, so far as known, has tried a 
lim'ng of radically different composition and more refractory character in 
combination with an insulating material in the burning zone. 

The industry still has much to learn concerning kiln limngs. It is 
customary, in rotary-kiln operation, to form a coating of fused clinker 
on the surface of the firebrick lining, which coating forms the real working 
surface. The life of the lining is, in most cases, dependent on its ability 


^Tran9. ( 1906 ) 86 , 454 . 
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to hold a coating and, generally speaking, refractories high in alumina are 
the most satisfactory. There is a wide difference in cost between the 
various brands of high alumina kiln blocks and, as the action of the coat- 
ing differs with the various materials being burned, each plant must work 
out the problem of the most economical lining for itself. With our pres- 
ent knowledge this is a long and expensive procedure because we have no 
correlation of the results of laboratory tests with the results of 
actual experience. 

A most important problem in connection with kiln operation is that 
of getting a perfectly uniform feed of both raw mix and powdered coal. 
When feeding dry raw mix, the amount passed per revolution of the feed 
screw varies within wide limits according to the condition of the material. 
Mix that has been freshly ground is still warm, contains a large amoimt of 
entrained air, and will weigh much less per cubic foot than mix that has 
been allowed to stand for some time in storage tanks and is therefore 
cold and relatively free from air. Morover, mix feeds more freely into 
the feed screws while the tank above the screw is being filled; also the rate 
of feed varies with the height of material in the tank above the screw. 
Various devices are in use to prevent flooding of raw material entering 
the kilns but none give that perfect uniformity in rate of feed which is 
essential to the best output and fuel economy. 

A similar condition prevails in respect to the feeding of the pulverized 
coal, and there is the additional disadvantage that any variation in the 
rate of feed makes it impossible to adjust the air supply to the most effi- 
cient point for perfect combustion. In addition to the fluctuations 
occurring from hour to hour, there is a fluctuation from second to second 
due to the action of the feed screw, some coal being pushed into the blast 
pipe each time a conveyor flight moves across the feedpipe outlet. 
Double- and treble-flight conveyors are used to lessen these intervals 
but even then, in many cases, there is an appreciable puffing of coal at 
the nozzle of the burner pipe resulting in a quick succession of too 
much and too little air for perfect combustion. 

Dust Collection and Prevention 

Among the most important mechanical problems of the cement 
industry is dust collection or prevention. This is important from the 
standpoint of working conditions at the plant itself and, in many 
instances, from the standpoint of community nuisance. There are many 
sources of dust in the cement mill but the more important, in the order of 
their importance, are the kiln stacks, dryer stacks, grinding mills, 
crushers, and conveyors. There is no gainsaying the fact that the wet 
process has a material advantage from this standpoint. Dryer dust is 
eliminated, with the exception of the coal dryers, and dust from raw 
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grinding is entirely eliminated. From the kiln stacks, the dust loss in 
the wet process should be, and usually is, materially less than in the case 
of the dry process, although this is not always the case. 

Several types of bag filters and centrifugal dust collectors are available 
in connection with grinding mills, crushers, and convejring machines. 
Generally speaking, they work with a fair degree of efficiency, except 
where the dust is associated with a certain amount of steam. For kiln 
stacks, Cottrell electrical precipitators are satisfactory, although rela- 
tively expensive in both first and operating cost. In a number of cases, 
centrifugal collectors have been installed following waste-heat boilers. 
They usually catch only 60 to 80 per cent, of the dust, but are relatively 
inexpensive in installation and operation and, hence, are most satisfactory 
where they will answer the purpose. There is no satisfactory dust collec- 
tor for use on dryer stacks, the combination of steam and dust being par- 
ticularly hard to handle. A few attempts have been made to 
scrub these waste gases with water spray, but this procedure is only 
feasible where an abimdant supply of water is available. 

Among the multitude of other problems are those having to do with 
the life of grinding mill and conveyor parts. The rapid growth of the 
cement industry has only been possible through the development of grind- 
ing machines permitting the pulverizing of the enormous quantities of 
materials required. These materials are highly abrarive, replacements of 
mill and conveyor parts form a large item in the cost and the problem of 
better materials is important. This problem is primarily one for the 
manufacturers of mill machinery but, in view of the enormous variation 
in the life of different lots of roll heads, grinding rings, etc., the cement 
industry may be forced to delve into these matters and work out its 
own metallurgical specifications. 
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Rotary Calciners for Gypsum 

Frank A. Wildbb,* North Holston, Va. 

(New York Meeting, February, 1926) 

The most important process in a gypsum mill is calcining the crude 
mineral. There seems, however, to be little progress or change in calcin- 
ing methods. This would not be surprising if the industry was not, in 
other ways, developing. The demand for gypsum in its various forms, 
however, is growing rapidly. The output has more than doubled in six 
years, while the value of gypsum products, through the introduction 
of higher priced specialties like wall board, has nearly trebled in the 
same period. 

In other industries, under somewhat similar conditions, calcining in 
rotating cylinders, either by direct or indirect heat, has replaced the 
method that still prevails in gypsum mills. Efforts were made to use 
rotary calciners in manufacturing plaster of Paris in the early days of the 
industry in America; 25 years ago rotary calciners were in use in Ger- 
many. At that time there was great diversity of opinion in regard to 
their merit. 

In 1923, the output of calcined gypsum in the United States 
was 3,101,378 tons. About nine-tenths of this material was calcined in 
kettles, the remainder in rotary calciners. The ratio was about the 
same 10 years ago. During these 10 years, rotary calcining made rela- 
tively no gains, and there were no important changes in the construction 
of kettles. In their manipulation, the only change of consequence was 
in connection with the length of time that the gypsum is left in the kettle. 
For wall-plaster purposes, all producers who had not previously done so 
changed from second-settled to first-settled calcined gypsum, thereby 
reducing production costs and improving the plasticity and sand-carrying 
capacity of their plaster. 

Nevertheless, in the few mills in which they were installed, rotary 
calciners continue to operate, with possibly one or two exceptions, and 
to be highly successful. In these 10 years, the Cummer type of rotary 
calciner has disappeared. All rotaries now used are of the cement-mill 
type with a diameter of 6 or 7 ft. and length of 80 to 120 feet. 


* President and General Manager, Southern Gypsum Co, 
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Producers with mills in two or more localities, who are operating rotary 
calciners in one district yet persist in using kettles in other districts, 
are in the best position to discuss the relative merits of these methods. 
They have cost data and ample experience in regard to the quality of the 
finished product. Their discussion and criticism of this paper will be 
most welcome. 

In order that the facts may be more fully brought to light, it seems 
desirable to present such information as is available as a basis for discus- 
sion. As a preface to such a discussion the uses of calcined gypsum, and 
the peculiar properties desired in connection with these uses, may profit- 
ably be considered. In the order of their importance these uses are: 

Wall plasters : Hair fibered (often called cement plaster) ; wood fibered. 

Structural gypsum : For gypsum wall, roof and floor tile; for poured- 
in-place roofs and floors. 

For wall and plaster board. 

For Portland cement. 

Specialties: Finishing plasters; casting plasters; molding plasters; 
dental plasters, etc. 

For retarding Portland cement, raw gypsum is commonly used. A 
few cement mills, however, prefer to use calcined gypsum. In this 
material a uniform chemical analysis is all that is desired. 

In general, the properties desired in calcined gypsum are tensile and 
compressive strength, hardness, plasticity, and definite and uniform 
setting time. Certain of these properties are much more essential for 
calcined gypsum in some of its applications than for others. Plasticity, 
for instance, which is highly essential in hair-fibered wall plaster intended 
for use with considerable quantities of sand, is not so important when the 
material is used in making tile or wall board. On the other hand, com- 
pressive strength, which is of importance in connection with structural 
gypsum is not so essential in gypsum wall plaster. 

The demand for plasticity in wall plasters varies with the character 
and quantity of sand that is used with it. If the calcined gypsum lacks 
plasticity with a given amount and kind of sand, the mortar works 
“diort.” With less sand or sand containing more loam, it may work 
exactly right. If there is an excess of plasticity in the mortar after 
mixing, it is sticky and gununy, adheres to the workman’s tools, and is 
quite as objectionable as though it worked “short.” Highly plastic 
calcined gypsum is not acceptable in wood-fibered plasters that are 
intended for use with little or no sand. 

The average calcining kettle consists of a metal cylinder 10 or 12 ft. 
in diameter and 10 ft. high, with arched cast-iron or steel bottom. Four 
flues traverse the cylinder horizontally. The sides are jacketed and 
|;>ricked in such a way that the heat from the firebox located tinder the 
kettle is drawn up tlunugh ports into tl^ space between the kettle shell 
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and the outer brick jacket, thence through the flues into the stack. Con- 
siderable draft, always natural, is used in order to take most of the heat 
away from the bottom of the kettle and distribute it to the sides and to 
the flues. Mechanical agitation aids in bringing fresh g3rpsom in contact 
with the heated surfaces. Even more important as a means of agitation 
is the boiling of the gypsum as it gives off steam in parting with its water 
of crystallization. 

In gypsum calcined in kettles two distinct products are rec<^nized, 
depending on the temperature used in the process. The structure of the 
calcining kettle permits of sufficient temperature control to produce either 
product at the option of the operator. First-settled calcined gypsum is 
drawn when the temperature reaches 325® to 340® F. while second-settled 
is discharged from the kettle at 390® F. The first-settled material consists 
largely of the hemihydrate 2CaS04.Hj0, while, second-settled is for the 
most part soluble anhydrite, CaSOi. This soluble anhydrite is wholly 
different from dead-burned gypsum formed by long calcining at temper- 
atures in excess of 400® F. It is quick setting, has higher tensile and com- 
pressive strength, and is less plastic than gypsum drawn at 325®-340® F. 
It changes to the hemi-hydrate on exposure to the air. 

Becording thermometers are in common use in connection with 
gypsum calcining kettles, but even without this guide the expert calciner 
can tell by the behavior of the gypsum in the kettle when the degree of 
calcination that he desires has been attained. 

For those uses where high tensile and compressive strength are essen- 
tial and where plasticity is not especially sought, second-settled calcined 
gypsum is in demand. For almost all purposes, however, the strength of 
first-settled stucco is ample and, on account of its lower cost, it is used 
wherever possible. 

About 20 years ago the Cummer process, in which a rotary calciner 
was a feature, was introduced for treating gypsum, and was used in New 
York state for about 15 years. One small plant of this type is still oper- 
ating in Mexico City. In the Cummer process, heat was applied to the 
gypsum as it passed through a rotating cylinder. The movement of 
the smaller particles was hastened through the cylinder by a fan. The 
gypsum, hot from the calciner, was allowed to stand for several hours in 
air-tight bins. The purpose of this was to permit a readjustment of the 
chemically combined water. Some of the gypsum was undercaldned 
and the cores of the larger lumps were not calcined at all; some was over- 
calcined and lost all of its water. It was believed, and the results 
obtained indicated that there was some measure of truth in the proposi- 
tion, that the undercalcined portion of the mass in the bin would in time 
contribute a portion of its water of crystallization to the overcalcined and, 
if drawn from the bin at the proper time, the entire mass would be in the 
desired hemihydrate form. 
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The calcined gypsum produced by the Cummer process was often 
erratic in set, and required imusual amounts of retarder, indicating the 
presence of some raw gypsum. However, the product was very plastic. 
It had unusual bulk after grinding and was acceptable to the plaster 
trade in spite of its occasional bad behavior in the way of erratic set. 

The producers who used the Cummer process gradually discovered 
that they could secure the same, and even better, results with less cost 
in rotary kilns of cement-mill type, and without the expense and delay 
of storing in sweat bins. Raymond mills grind the hot gypsum as it 
comes from the calciner. In this fine state, molecular readjustment 
evidently takes place in the mill, in the storage bins and along the screw 
lines. Certain mills in New York state are producing calcined gypsum 
for wall-plaster manufacture by this process at the present time. 

When the Emley process for making gypsum more plastic was intro- 
duced 3 years ago, it seemed particularly adapted for use with a rotary 
calciner. As described in the patent that was issued to W. E. Emley of 
the Bureau of Standards, the process is one “of increasing the plasticity 
of calcined gypsum which consists of grinding the calcined gypsum to 
eliminate the water content during the grinding operation, preventing 
the escape of the said water content during the grinding step and con- 
tinuously keeping the above treated gypsum in contact with the water 
thus eliminated, ceasing the grinding operation and permitting the water 
thus eliminated to be reabsorbed.^' 

One of the more recently constructed mills in New York combined a 
rotary calciner with a ball-mill operating in closed circuit for grinding. 
The results were somewhat in line with expectations, but developed some 
troublesome and wholly unexpected features. An exceedingly plastic 
calcined gypsum was produced. One characteristic of such plastic 
material is that it packs like damp snow. It refused to flow through 
spouts or to move satisfactorily in the ordinary conveyors. When 
mixed with the customary quantities of sand, it made a mortar that was 
too sticky. It could not be worked in the form of neat wood-fiber plaster. 
The ball-mill was opened to permit a free circulation of air and the situa* 
tion was somewhat relieved. 

The interesting question now is whether rotary calcining can be 
successfully introduced in other gypsum fields. The outstanding fact 
is that this method of calcining, with perhaps one exception, is confined 
to the western New York field. It is possible that the physical charac- 
teristics of the gypsum of western New York have some bearing on the 
question. This gypsum seems to make fewer fines in crushing than the 
gypsum of some other localities. On account of the low temperature 
and the ease with which gypsum calcines and the difference in the nature 
of the product produced by relatively small change of temperature, to 
secure uniformity the material fed to the rotary calciner should vary in 
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size as little as possible. Results comparable to those secured in New 
York might be secured elsewhere if the gypsum were crushed to pass a 
1-in. ring and everything passing a J^-in* ring calcined separately and 
at a temperature lower than that used for the larger lumps. 

The saving in operation costs is estimated by different individuals in 
the gypsum plaster business, all the way from twenty-five cents to one 
dollar. If it were necessary to double the installation in order to treat 
the fines separately, the additional operating and maintenance cost with 
interest and depreciation must be taken into account as an offset to saving 
in operation. 

For a plant of ordinary capacity that must manufacture some second- 
settle stucco, finishing plaster, or any of the gypsum products for which 
gypsum calcined in a rotary is not adapted, the installation of a rotary 
calciner does not seem practical as the expense of installing and operating 
two systems would be burdensome. In a plant where the equipment may 
be considered from the standpoint of wall-plaster production alone, the 
installation of rotary calciners may be regarded as an open question. 
The plasticity desired can be obtained by other means, and in ways that 
will permit of variation to meet the sands of different markets. Unless 
there is ample capital and demand for output sufficient to justify the 
installation of a separate installation to handle the fines, the use of a 
rotary calciner in a field where the gypsum crumbles easily is not wise in 
the light of existing information. 

DISCUSSION 

L. K. Armstrong, Spokane, Wash. — I was impressed with what the 
speaker said in connection with the sizing; two other factors were not 
mentioned; these were time and temperature. Applying one against the 
other, it would appear to me the better solution of the problem of success- 
ful rotary installation would be proper sizing, time, and temperature. 
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Limestone Production as a Mining Problem 

By J. R. Thoenen, Greenville, Ohio 

(New York Meeting, February, 1925) 

If asked whether limestone production was a mining problem I 
would not hesitate to answer emphatically in the aflirmative. The 
question, ^‘When is a quarry a mine?'' is familiar. The immediate 
mental picture induced by the thought of limestone production is that 
of an open quarry. All are familiar with the open pit in the iron-produc- 
ing districts of Minnesota and Michigan and the open cuts of the 
so-called porphyry" coppers of the West. If these are mines, they 
differ little from limestone quarries in general mode of operation; if 
quarries, why do they need the attention of mining engineers? 

During 1923, the United States produced in round numbers 
70,000,000 tons of iron ore. The limestone production of the United 
States for the same period was something over 100,000,000 tons. In 
tons, it about equals the oil production of the United States. 

The uses of limestone are legion. A paper read by a prominent 
engineer of Chicago, at the meeting of the National Crushed Stone 
Association held last February in St. Louis says: There is no industry 
in the United States today that is more basic in its operation or by itself 
controls more industries. There is hardly a chemical operation, hardly 
a metallurgical operation or building operation that a crushed-stone 
man does not control if he will jump in and make the full utilization of 
it." Some of the many uses are for road metal, concrete, railway 
ballast, building stone, riprap, and rubble, the manufacture of iron and 
steel, alkalies, calcium carbide, magnesia, carbolic and carbonic acids, 
asphalt filler, mineral wool, poultry grit, sulfuric acid, phosphates, 
nitrates, soap, baking powder, the purification of copper and prevention 
of coal-mine explosions, to say nothing of the quantities used in the 
making of lime and cement. It has been said that without iron we would 
revert to the Stone Age; how much iron would we have without lime- 
stone? From the point of view of the mining engineer, using the term 
in its broad sense to include geologists and metallurgists, the production 
of limestone is important because of its occurrence, volume, commercial 
importance, and the problems presented by its recovery and treatment. 
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The large limestone deposits situated on the surface and in close 
proximity to markets are becoming depleted; rapidly in some cases, 
more slowly in others. In the search for new deposits, the geologist 
is particularly interested. He can help not only as to actual location, 
but also in predetermining whether a given location will furnish stone 
suitable for the market it is intended to supply. Users of limestone are 
becoming more and more particular as to the chemical and ph3rsical 
properties of the stone they buy. Some limestones admirably suited 
for one market are useless in another. The manufactme of lime and 
cement as well as the use of flux stone might be termed the ‘‘metallurgy^' 
of limestone. Lime is burned today in many places exactly as it was 
hundreds of years ago. Though cement manufacture is of more modem 
development, combustion engineers say the modern rotary kiln for 
cement making is not the last word in efficiency. 

At a recent meeting of the Ohio Local Section, the effect of different 
grades of coal on the cost of steel manufacture was discussed and it was 
quite evident much saving could be made with certain kinds of coal. 
If the grade of coal is important, why would not different grades of 
limestone react similarly? At one quarry, two kinds of limestone are 
mined, one white and one gray or blue. It is stated that both have the 
same chemical composition and make equally good lime, except that the 
lime from the one is a little whiter. Something causes that difference 
in color. The gray limestone is hard while the white is soft. Other 
peculiarities in this material might offer interesting problems to 
the metallurgist. 

To the mining engineer interested in production, limestone is impor- 
tant because of its volume, commercial importance and the problems 
presented by its recovery. • Most of the limestone is produced from open 
quarries, of which there are three types, depending on whether the crush- 
ing plant is below, above, or on the same level as the quarry itself. 

In the first type, the stone goes to the crusher by gravity, by an 
inclined tramway or by locomotives and cars. This can be compared to 
western copper mines and hillside quarries. In the second type are 
found the greatest number of both limestone quarries and open metal 
mines. Many limestone quarries are limited in their lateral extension by 
their location within city limits or other causes. Many metal mines, 
operating on wide lodes or massive deposits, or like the iron mines of Min- 
nesota and Michigan, also belong to this type. In quarries within city 
limits, the mining engineer might develop a system of undergroimd min- 
ing that will allow for lateral extension. By this means, heavy blasting, 
the greatest objection to city quarries, would be largely eliminated. 
Some system of delayed caving over weakened pillars, after exhausting 
the supply of stone from stopes, would seem to offer possibilities for 
study. In the third type, with quarry and crusher on the same level, are 
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a smaller number of open quarries as well as open metal mines. The 
reason is that limestone is exploited principally from horizontal beds, 
and progress is downward as weU as lateral. Therefore quarries started 
in tiiis way soon become of the second type, due to the lowering of the 
quarry floor. In all three types of open quarries, as in open mines, 
both single-face and multiple-bench methods are used. There are 
quarries operating in one face 240 ft. high and others 10 ft. high. Metal 
mines tend more to the use of several benches of moderate height. Many 
quarries are now standardizing on benches of 50 ft. vertical height, as 
being most economical for shovel operations. 

Few open quarries or mines are free from the expense of overburden 
removal. Because of the comparatively higher value of its product, 
and its greater vertical extent, the metal mine can usually stand a 
greater cost per ton in this respect. On the other hand, smelting and 
refining charges against the metallic ore add materially to the ultimate 
unit cost and thus reduce the amount that can be allowed for stripping. 
Furthermore, the metallurgy of limestone or its calcination to lime 
or cement, paralleling the smelting of metallic ores, would automatically 
result in a higher market value for the ultimate product and likewise 
allow the removal of more overburden. The lime and cement manu- 
facturers are turning to the so-called higher-cost mining methods. 

Methods for removing overburden are practically the same, for both 
metal mines and quarries. Mechanical means, such as the steam, 
gas, or electric-driven shovel, dragline, cableway, and clamshell excavators 
are all in use, as is also pick, shovel, and wheelbarrow work, supple- 
mented by drag scrapers and auto trucks. 

Methods of blasting are the same. Electric, gas, steam, and air- 
driVen well drills sink holes for the high benches, while machine drills, both 
piston and hammer, are used on the lower benches and for secondary 
blasting. Regarding explosives, there are probably as many different 
kinds used in quarrying as in mining. Recent experiments with liquid 
oxygen in quarries and in mines point to interesting possibilities of that 
explosive for both imderground and open mining. In quarries as well 
as in mines, blast holes are sometimes charged with two different strengths 
of explosive. 

The proportion of open metal mines using mechanical shovels for load- 
ing cars is greater than in limestone quarries, because they do not require 
a sized product. In many cases where the quarry uses hand methods, 
mechanical means would not apply as, for instance, the loading of stone 
for consumption in lime kilns. The kiln requirements for a sized stone 
prohibits the use of mechanical shovels, unless the cost and operation 
of screening machinery is less than the extra cost of hand loading 
and sorting. 
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Hauling from quarry or open mine to crusher is accomplished by 
identical means, including inclined tramways, overhead cableways, andgas, 
electric or steam locomotives, with end or side dump caro. Some lime- 
stone quarries use the fast rotary-dump cars, similar to those for 
coal mines. 

The crushing of limestone does not require much different practice 
than the crushing of metallic ores. The tendency is toward larger and 
larger initial breakers, it being realized that it is cheaper to crush than to 
blast stone. While many limestone crushing and screening plants are 
well designed and operated, others are badly balanced and uneconomical. 
For example, as a result of the increased scarcity or high cost of labor, 
quarries that formerly used hand-loading methods have installed mechan- 
ical shovels without changing their crushing equipment. Others, when 
increasing their breakers, have not increased their secondary crushers 
and screening capacity. Here alone is a wide field for the min- 
ing engineer. 

Underground mining of limestone is as yet of comparative minor 
importance. Nevertheless, as shown by my notes and observations of 
the past year, of the 100,000,000 tons of limestone produced in this 
country annually, something over 6,000,000 tons come from underground 
workings. Many cement and lime manufacturers have found it cheaper 
to mine than to remove overburden. Others find they can get a cleaner 
stone, and thereby a higher grade product, from the mine than from 
the quarry. Still others have turned to mining to solve the question of 
year-round production. 

Methods of mining in use range from unsystematic, irregular breast 
stopes, through combinations of room-and-pillar mining with underhand 
and overhead stoping in flat deposits, to elaborate inclined and vertical 
shafts with back stoping over shrinkage in steeply pitching strata. In 
one mine limestone is being hoisted from a horizontal bed through a 
vertical shaft 550 ft. deep, and in another a vertical shaft 350 ft. deep 
is installed on the vertical side of the open quarry. But, thus far there 
are few instances of limestone being mined from shafts. It is generally 
extracted through tunnels or adits driven into the side of an abandoned 
quarry or the side of a hill. Here the methods of the metal and coal miner 
have been added to the quarryman's own ideas. 

Room-and-pillar methods are almost imiversal in the limestone mines. 
Their applications are about as varied as the number of mines. Room- 
and-pillar methods are commonly termed tunnel mining, probably 
because they are usually begun as large tunnels driven from the side of a 
former open pit. These tunnels are carried from 8 to 18 ft. high in a single 
breast, and from 12 to 50 ft. wide. Pillars sometimes take the form of 
ribs, but are more often circular or square in section. Their size depends 
generally on the judgment of the operator, there being no set rule for 
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proportioniQg them with respect to the ground removed in the rooms. 
Long ribs axe sometimes used to protect main haulageways, with square 
or round pillars in the rooms. Some operations are driven methodically 
on surveyed lines, with regular cross entries from room to room, while 
others apparently have never been seen by a surveyor. 

Some tunnel headings are driven along the roof, followed by simul- 
taneous bench stoping behind the drills; others reverse the process and 
carry the tunnel heading on the floor, followed by back stoping with upper 
holes. In one case both back and bench stoping are followed with a 
tunnel heading in the center of the stratum. In one or two instances, 
a central tunnel is driven the full height of the seam, followed by side 
holes to widen the room as required. Back stoping by upper holes in 
a metal mine, where the breaking is done directly over trammers, is not 
usually considered good practice because of the danger of leaving loose 
ground above, but in the limestone mine, where the holes can reach a 
good parting in the strata, this objection does not apply so forcibly. In 
an Ohio mine, the limestone stratum lies on an 8-in. bed of soft shale. 
Advantage is taken of this to use a cbal cutter to undercut the lime- 
stone, after which it is blasted like coal. Various combinations of 
shrinkage stoping with tunnels are also employed where the thickness 
of strata warrants. 

The placing of drill holes in limestone is at least as varied as in metal 
mining. For tunnel driving, drills range from the Jackhamer type held 
in the operator's hands to heavy piston drills mounted on 8 to 18-ft. 
columns. With the latter, miners work from the top of portable 
stages. Tripods are sometimes used to drive headings. At one plant, 
an ingenious contrivance enables the driller to continue operations with- 
out waiting for the shoveler to clean up the face. It consists of a car 
fitted with a counterweighted boom, operated with a hand winch. On 
the end of this boom is a steel cage. The driller mounts this cage and 
with a Jackhamer drilb out the whole 30-ft. vertical face by using a 
bottom cut without lifters, while the muckers clean up the previous 
blast below him. Wedge cuts, either in the center or at one side of 
the room, are quite common. Sometimes the ground is broken in 
triangular blocks; in which case the holes are drilled as in the initial 
wedge cut, all meeting at the bottom of the wedge. 

Whatever opinion may be held respecting limestone quarries in gen- 
eral, there can be no doubt that the underground limestone deposit is a 
mining problem. But, its problems differ from metal-mine practice in 
many particulars, and any metal-mine method used in limestone without 
careful preliminary study of existing conditions may cause serious 
trouble. Mining engineers have called it folly to t hink of carrying 
rooma over 30 ft. wide; on the other hand limestone operators hold there 
is no danger in rooms 100 ft. wide in limestone. Hiere are instances 



DISCUSSION 


367 


where both are wrong, and others where both might be right. However, 
a limestone mine that has had careful technical study and advice invari- 
ably shows it on the cost sheet. The American Lime & Stone Co. of 
BeUefonte, Pa., has one of the few underground limestone mines in 
this country operating on an inclined stratum, and using a regular back- 
stoping method over shrinkage and loading through chutes. That the 
company is successful indicates that limestone production is a min- 
ing problem. 

In conclusion, I have foimd that very few limestone operations use 
the service of mining engineers. To the average quarryman any mining 
system spells expense, and it would surprise many of them to learn that 
so-called expensive limestone mines often produce stone at a lower cost 
than does the open pit. Mining engineers should, therefore, endeavor 
to convince the limestone operator that limestone production is a min- 
ing problem. 

DISCUSSION 

Oliver Bowles, New Brunswick, N. J. — I am so thoroughly con- 
vinced of the growing importance of underground work in the production 
of limestone that I had the author make a detailed study of limestone 
mining for the Bureau of Mines and prepare a report on the principles of 
limestone mining. Many limestone operators, long accustomed to open- 
pit work, are being forced to mining. About 6 months ago I thought 
there were twenty-five or thirty underground limestone operations in the 
United States but the author has been finding new ones until his list now 
runs nearer sixty. Some of these are very extensive; one at least has 
miles of imderground workings. 

There is an ever-expanding field for the engineer in the operation of 
limestone mines and quarries. Some of the larger companies realize the 
need of skilled engineering advice, but many of the companies regard 
the engineer as an unnecessary expense. Although almost every metal 
mine, even those handling only a few hundred tons of ore per month, 
employs a mining engineer, many limestone operations ten times as large 
employ no mining engineers. Few mining engineers are at all familiar 
with limestone operations, and few limestone producers have the advan- 
tage of mining engineering knowledge. This is a situation that demands 
correction. 

J. T. SiNGEWALD, Baltimore, Md. — Where can the line of demarca- 
tion between cement rock and limestone quarries be drawn? 

S. R. Russell, Wilmington, Del. — The natural cement quarries oper- 
ated at Akron, N. Y., 50 or 60 years ago are all out of business now. 
The natural limestone quarries they speak of now have been abandoned. 
The other quarries are new and devoted to the manufacturing of 
Portland cement, lime, etc. 
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Engineering in Limestone Production 

By C. C. Griggs,* Washington, D. C. 

(New York Meeting, February, 1925) 

Fbom its inception, a limestone quarry or mine should be under the 
direction of a capable engineer. Before it becomes a reality, he should 
outline the future results, plan the most economical methods for moving 
the materials and the most efficient equipment, and pilot the undertaking 
along the narrow pathway of success, avoiding the pitfalls of uneconom- 
ical production and the precipitous walls of scanty profits. Inspection 
of successful limestone properties shows that all have had difficult 
engineering problems, the solution of which have required keen engineer- 
ing ability. 

In approaching a subject of this nature, it is logical to follow the prog- 
ress of the limestone operation from its inception to the end, as reflecting 
the engineering required. There are four major divisions: Investigation, 
equipment, development, and operation. 


Investigation 


On the reliability of the engineer's estimates and the soundness of his 
judgment depend the success or failure of the enterprise. When one visits 
a prosperous concern, realizes that the limestone is of a constant chemical 
composition, sees the mechanical devices installed, and watches the 
output leave the plant in trains of railroad cars or fleets of vessels, he may 
overlook the fact that in the remote past this great creation was born in 
some man’s brain and evolved through competent engineering. 

Many factors must be considered before a promoter could procure the 
money necessary to launch such an enterprise, for a conservative banker 
will only recommend a successful producer while the promoter must 
provide funds on his own and his engineer’s judgment. An engineering 
investigation must be made preliminary to expenditure for actual oper- 
ation, which, for a limestone deposit, would naturally embrace such 
subjects as: 


1. Tonnage available 


Readily available. 
Possibly available. 
Chemical analysis. 


* Asst. Head Engng. Div., Bureau of Internal Revenue. 
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limestone flux. 

Cement. 

Building blocks. 

Chemical uses: Carbide, sugar, p&per, alkalies. 
Fertilizer. 

Plaster and wall finish. 

Road material. 

Operating: Repairs, quarrying, preparation of prod- 
uct, development (current). 

Overhead: Management, supervision, sales. 

Taxes, insurance, and interest. 

Weather conditions in district and their possible 
effect upon full time operation, curtailed opera- 
tion, and incidentally the transportation of prod- 
uct by rail or water. 

Labor. 

Equipment necessarj’^ for quarrying, preparation of 
product and loading for transportation. 

Water supply: Limited or unlimited. 

General operating: Obtaining supplies, obtaining 
repairs. 

Estimate made for product throughout life of 
quarry. 

After compiling his data, as outlined, the engineer is ready to prepare 
his report. For a limestone property he must bear in mind that the 
industry depends on large production and small profits. As the small 
margin does not permit the use of such safety factors as are applicable 
to other minerals, all items must be given careful consideration before 
his decision is made. While the engineer may be too liberal and report 
favorably on a property not meriting such a forecast, he may also be too 
conservative; and as the margin is narrow, he may condemn a property 
that under proper management would prove an unqualified success. 
Satisfied as to three items: life of deposit, average production, and 
expected profit, the final answer is merely a matter of figures. Obviously 
a promoter should assure himself and his investors that the undertaking 
would return all the money required for plant, equipment, land, etc., 
as well as a fair rate of interest on the investment. Leading valuation 
engineers in America and England hold that the Hoskold's formula is 
satisfactory in meeting these conditions: 



in which Pn = the present value of each SI operating profit accumulated 
during a life of n years, r' = interest rate on capital, r = interest rate for 
redemption, and 



«- = (! + r) 
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One would not care to invest in a limestone property without assur- 
ance of at least 10 per cent, return and that at the end of the operations 
the company would have on hand the original investment in quarry, 
plant, and equipment, either to distribute as return of capital, or with 
which to purchase another property. The factors given below, when 
applied as will be shown, will do this. Only a few factors are given, for 
a 10 per cent, annual return on the investment, plus an amount which, 
placed in a sinking fund at 4 per cent, compound interest, will return the 
capital. The other factors for any period are readily available. 


At 10 PsB Cent. 

Yeabs Life 

5 0.702675 

10 0.545581 

15 0.444619 

20 0.374302 


AND 4 Per Cent. 
Yeabs Life 


25 

0.322549 

30 

0.282893 

35 

0.251559 

40 

0.226196 


As an example, suppose the engineer has determined the following: 
Life of property, 30 3rr.; expected profit per ton, 50 cents; annual produc- 
tion, 50,000 tons; estimated cost of plant and equipment $250,000. Then, 
expected profits would be: 30 X 50,000 X $0.50 = $750,000, and the 
present worth of this amount, which would produce the return stated, 
would be: $750,000 X 0.282893 = $212,169.75. 

This indicates that the proposition would not justify a plant and 
equipment costing $250,000, for there would be nothing left with which 
to purchase quarry land, and provide for the other expenditures neces- 
sary at the beginning. If the estimated cost of plant and equipment 
required were $150,000 instead of the $250,000, it would prove a profit- 
able venture, assuring the investors of a 10 per cent, return, if the cost 
of the quarry land, development and other initial expense did not exceed 
the difference of $62,169.75. 

Many mines are killed by too much, or Ul-advised, equipment. The 
estimate of the present worth of the earnings, as illustrated, furnishes 
a ready check on the amount justified for plant, equipment, and develop- 
ment; for, if these estimated initial expenses exceed the present worth 
of the expected earnings, it would be better to invest the money in safe 
securities than to take hazardous chances. As countless safe investments 
returning 6 or 7 per cent, interest may be obtained, the extra 3 or 4 per 
cent, would barely compensate for the chances taken in promoting 
an unproved enterprise. 

Equipment 

The choice of equipment is dependent on the engineer’s abUity and 
judgment. After determining his financial limits, an error in the selec- 
tion or location of the various units may mean failure when the supreme 
test of operating comes. He has a wide range in choosing his equipment. 
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Numerous successful labor-saving devices are now available. The pre- 
determined output of the quarry is the controlling factor. Whether the 
output shall be 50 tons per day, as sometimes occurs in limestone for 
burning, or thousands of tons, as in extensive enterprises, this factor must 
govern. Fig. 1 shows the smallest and the largest crushers used in lime- 
stone production. The small crusher (on the flywheel of the large one) 



Fig. 1. — Smallest and labgest crushers used in limestone production. 


handles about 1 ton per hr. and has a 2H-in. opening; the large one 
handles 3000 tons per hr., with a dO-in. opening. Probably the largest 
steam shovel used by any limestone producer in the world has an 80-ft. 
boom, a 52-ft. dipper stick, and an 8-yd. dipper. The same company has 
recently added a shovel with a 70-ft. boom, a 48-ft. dipper stick and a 
10-yd. dipper. 

Many mechanical devices are available for handling the stone. A 
very complete plant is that of the Michigan Limestone and Chemical Co. 
at ]^gers, Mich. All the illustrations in this paper are furnished through 
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the courtesy of the oflSicers of that company: Carl D. Bradley, president 
and general manager, and C. B. Willard, assistant to the president. 

Fig. 2 is a bird's eye view of the plant, harbor and equipment. From 
the time the rock is blasted in the quarry until it is unloaded from the 



Fig. 2. — ^View of plant, harbob, and equipment at Rogers, Mich. 


ore-carrying freighters of over 13,000 tons capacity, the handling of the 
stone is as nearly automatic as human engineering ability can devise. 
The limestone is loaded into cars, brought by locomotives in trainload 
lots to the automatic dump, where, after dumping, the empties pass on 



Fig. 3. — tunnel gate from stock pile and part op belt conveyor. 

without switching back. The stone then goes to the large crushers, 
meeting a stream of water where it is thoroughly washed. The crusher 
product is screened into different sizes and distributed to stock piles 
by belt conveyors. Underneath the stock piles, other bdt conveyors 
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cairry the limestone into openings in the top of the freights. Even the 
frei^ters have hopper bottoms, which feed on to bdt conveyors deliver- 
ing the stone into an elevator for unloading on shore. Fig. 3 shows a 
tunnel gate from the stock pile and part of the belt conveyor. Fig. 4 
shows four conveyors discharging simultaneously into the freighter. 
Fig. 5 illustrates the distribution of limestone shipments; especially 
interesting as showing the advantages of location. Although limestone 
is not always found where most desired, engineerii^ ability will find a 
way to make it available at the points where needed. The distribution 
as indicated is ample evidence that this company has effectively solved 
its problem. 

Development 

Contemporaneous with the plans and selection of the plant and 
equipment must be the plans for development, so that when all units 
are installed the property will be in shape for production. Among 
other things, the following must be decided: Whether several small 
working faces should be provided at the quarry, or dependence be placed 
upon one large opening. Whether the tracks for the transportation of 
stone should be arranged parallel to the face of the quarry, or in fingers 
radiating from the main artery. Whether the overburden should be 
stripped extensively beyond the working face, with the problem of its 
disposal, or taken care of in the plant by washing. 

Each plan has its own engineering problems, but the method and 
cost of the development are the important ones, for the development 
outlay becomes an initial capital expense and must be provided for 
before recovery is possible through sales of product. 

Opbbation 

Although the work is practically of a routine nature, engineering 
skill is as essential also throughout a successful operating career. 
Changes and additions are continually taking place; new plans in trans- 
portation, new markets, competition and new problems of every nature 
must be met. 


DISCUSSION 

W. C. Phalen, New York, N. Y. (written discussion). — It is quite 
generally conceded that first-class limestone properties, well located with 
respect to markets, are becoming scarcer. The farther afield industries 
must go for this commodity, the more expensive the transportation to 
points of consumption; these differences in cost must be made up, in part 
at least, by cutting cost of production by various means. Among the 
latter the employment of skilled engineering talent, at least in a consult- 
ing capacity at the outset, is the most obvious. 
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The conditions of distribution from fields on the Great Lakes are 
unique in that boats returning to the centers of limestone production 
generally carry coal; thus greatly reducing transportation charges. 

Underground mining of limestone is engaging the attention of some 
producers and consumers. A very important industry on the Ohio River, 
where the surface supply of stone gave out entirely, was saved for years 
to come by turning to an imderground supply, where the problem is 
essentially that of mining. Doubtless, examples of this kind could be 
multipled. It is of interest to note, from one of the papers submitted, 
that the proportion of stone mined to that quarried from the surface has 
reached 6 per cent. The stone so mined must represent a high-grade 
article. 

When selecting properties for investigation and in their subsequent 
development and operation, the engineer or quarryman needs the services 
of the capable geologist, especially during the early stages of the work. 
Much valuable time and useless experiment may thus be saved. Over a 
wide range of territory in the Eastern States, first-class stone is quite 
restricted in its geologic occurrence. The experienced geologist knows 
where these horizons are located, and therefore where first to look or 
rather what territory to eliminate at the outset. In the selection of 
limestone for industrial purposes, and in studying marble deposits, the 
well balanced cooperation of geologist and engineer is just as important 
as in working a lead-zinc or copper deposit. The investor may well 
look to such cooperative work as a distinct economy in the long run. 

John Rice,* Easton, Pa. — This paper seems to deal entirely with the 
question of limestone production as contrasted to mineral deposits of all 
kinds, whether of chemical or of metallic value. The mineral aggregate 
used in the United States is probably about 200,000,000 or 300,000,000 
tons a year, including limestone and stone for other purposes, but there is 
a large field of quarrying entirely aside from limestone proper. One very 
essential use is railroad ballast and road building, which have an enormous 
tonnage in this country. 

One of the newest developments is the distribution by trucks, which 
is getting to be very important. One quarry of ours now handles about 
600 tons a day by truck, in addition to its railroad distribution. 

The selling price of crushed stone is much more of a problem than is 
the selling of flux because the units of sale are frequently smaller. The 
selling problem is not an engineering one but engineering phases materi- 
ally enter into it, especially the screening of the* product, recrushing 
unmarketable sizes, storage and recovering. There are few data 
regarding the problem of screening in the crushed-stone or any other 


* President, The General Crushed Stone Co. 
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business, unless it be coal. Another feature, which may not be so 
applicable to limestone itself, is the disappearance of the market. 

The average life of a quarry is more or less of an unknown quantity 
but, in relation to taxation, it has become a serious problem; we are still 
discussing with the Government the question of amortization in our 1917 
tax report. Its representatives are back now for the fourth survey of 
our values, to determine whether we should depreciate our properties 
on the common-sense basis of the difference between the original cost 
and the salvage value and distribute that over the life of the operation 
or whether individual items of the capital account shall be depreciated 
according to an arbitrary scale, independent of the life of the operation. 
That is an engineering and accounting problem. Here the real problem is, 
how long is the operation going to last? The engineer can help to deter- 
mine what is fair under those circumstances. 

The arithmetical problems involved in the formula given are not 
clear to me. By making certain substitutions in that formula, I can 
get some relationship between the formula and the table on the opposite 
page. However, the question of determining how much of a plant invest- 
ment is justified to the extent of going into the most minute considerations 
of compound interest, is not nearly as important nor as uncertain as 
the margin of profit which can be made if the investment is made. I am 
willing to take any engineer’s report if he can guess within 10 per cent, of 
of the profit of the undertaking, as affected by operating costs and life, 
without worrying about the compoimd interest on the sinking fund. It 
is necessary to know what you can do with your investment after you 
get it. These refinements tend to discourage the practical men from 
considering the engineer’s points of view. 

Samuel M. Shallcross,,* Bellefonte, Pa. — I agree with that last 
Statement. If an estimate is within 10 per cent., plus or minus, I con- 
sider it very good. There is very little opportunity for a Tnining engineer 
to become connected with a limestone plant, if he is a mining engineer 
only. Consultants are necessary at times and are employed quite 
extensively, but an engineer in the limestone industry must be not only 
a mining engineer, for those plants that have mines, but a high-grade 
mechanical engineer, electrical engineer, heat engineer, and chemist. It 
is a jack-of-all trades that meets our requirements to the greatest extent. 
The limestone industry has not progressed to the point where we can 
afford permanent high-grade specialists in the professions mentioned. 

Oliver Bowles, New Brunswick, N. J. — In determining the profit 
or loss in any proposed limestone enterprise, one factor is usually less 
uncertain than in metallic orebodies, namely the extent and quality of 
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theorebody. Metallic ore-vein reserves are estimated, in a general way, 
from prospect drill holes, but there is alwasrs uncertainty through the 
danger of pinching out, the occurrence of barren rock in the veins, or 
other contingencies. The limestone orebody is usually a well-defined 
sedimentary bed of fairly uniform composition and ur^orm thickness. 
Thus, with a limited amount of prospect drilling, the operator may esti- 
mate with practical certainty the reserve tonnage of rock, which in this 
instance is the pay ore. At the mine of the American Lime and Stone 
Co. at Bellefonte, Pa., a limestone 98 per cent, pure lies in a bed 77 ft. 
thick dipping at an angle of 52° at the surface. This bed extends for 
miles with little variation either in thickness or in chemical composition, 
so that the ore reserve was known to a practice certainty before mining 
was begun. 

How to determine the value of a limestone in place and the relation of 
this factor to other factors on which the success or failure of a limestone 
enterprise depends are points on which the author may be able to give 
further information. 

Nathan C. Rockwood,* Chicago, 111. — This paper gives a simple 
illustration of approximating the value of a limestone property, also a 
brief description of the largest limestone quanying operation in the world. 
There is one vast difference between such mining operations as mining 
engineers are familiar with and a limestone, or any other, quarry operation. 
With limestone, one is not dealing with a material that has a fairly uni- 
form value throughout the world, which is bought and sold through 
national and international exchanges; rather, he is dealing with some- 
thing having a value that may vary from nothing to several dollars a 
ton, depending on how essential it is to some local industry. 

It is the life of the market far more than the life of the deposit that 
determines the value of the deposit and the feasibility of developing it. 
The prospective producer of limestone must see with reasonable assur- 
ance a market within 200 miles of his plant and he is far less concerned 
as to whether his deposit will last than as to whether his market wilUast. 
In western New England there are many deposits of fine limestone, the 
principal use for which is in the manufacture of chemical lime used by 
paper mills, tanneries, and textile mills. We are safe in assuming that 
each and all of these industries have passed their peak in New En^nd 
and are on the decline; therefore, the limestone deposits of New England 
will far outlast the life of only the industries they can serve with profit; 
and their present value may never be exceeded. When the paper mills, 
tanneries, and textile mills move to locations nearer sources of raw 
materials, limestone deposits of good enough quality to meet their needs 
will always be found nearby. 


* Eklitor-Manager, Rock Products. 
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Agun, a quany may be developed and a crushing plant erected, at a 
cost <3S several hundred thousand dollars, to produce stone that it is 
estimated will be required to build a system of paved roads within a 150- 
mile radius of the plant. The road-building program may be limited 
to a life of 10 years; in which case 10 years is the only safe limit to the 
life of the quarry operation, for it may be so situated that it will not be 
able to reach any other market in competition with more favorably 
located plants. 

The point of this discussion is that any consideration of a quarry devel- 
opment that does not place local market possibOities ahead of all other 
factors in the problem does not reach the real heart of the quarry industry 
either from an engineering or an economic point of view. 

George Milliron,* West Winfield, Pa. (written discussion). — The 
first limestone mine in the United States was developed at West Winfield, 
Butler Co., Pa., in 1894. The mining of limestone was a radical depar- 
ture from the accepted method of winning this material and experienced 
operators saw nothing but disaster in store for this new venture. To 
F. W. McKee, owner and operator of the limestone quarries at West 
Winfield at that time, is due the credit of originating the idea of mining 
limestone. He operated the mine in conjunction with his open quarries 
until 1899, when his limestone interests were taken over by A. G. Morris, 
under whose management more attention was given to the mining pro- 
ject. In 1902, the mine was producing 400 tons of limestone daily and 
in 1906 was producing 600 tons. 

In 1910, Mr. Morris turned over his limestone interests at West 
Winfield to the Pittsburgh Limestone Co., which approached the mining 
problem with considerable caution. The operation of the West Winfield 
mine proved that limestone mining was practicable and possessed many 
advantageous operating features. 

The limestone measure is known geologically as the Vanport Ferrif- 
erouq. It is a flat-lying measure and varies in thickness from 10 to 
22 ft. It is massive in formation and has well-defined horizontal 
cleavage. 

From the small venture at West Winfield in 1894, eight mines have 
evolved with an annual production in excess of 2,000,000 gross tons of 
limestone; 90 per cent, of this tonnage is consumed by furnaces in the 
Pittsburg district and the cement mill at Universal, Pa. 

Most of the properties are operated under long-term leases on a 
royalty basis. The royalty paid the landowner varies from 1 to 2 cents 
per gross ton. An advance royalty of $1 per acre is paid until the tonnage 
mined from his property exceed the accrued advanced royalty. 


* General Superintendent, limeetcme Mines, Fittsbin^h limestone Co. 
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The mining properties vary in size from 1000 to 3000 acres. The 
properties are surveyed and mapped. Diamond drilling^ supplemented 
by chum drilling, tends to prove the chemical content and continuity of 
the limestone throughout the property. Elevations are taken on all 
outcrops, diamond- and churn-drill tests. From these data, the mine 
map is projected. Keeping in mind the life of the proposed mine, care 
is taken to secure grades favorable to haulage and drainage. 

The original practice was to drive entries 40 ft. wide and rooms 60 
to 80 ft. wide. This method required considerable timber to support the 
roof. Two main entries were driven parallel and cross entries were 
driven off right and left from main entries at 500-ft. intervals; 50-ft. 
pillars were left between main entries and the first room turned from 
cross entries. Present practice is to drive main entries 25 ft. wide and 
rooms 35 ft. wide. Main-entry pillars are carried 30 ft. wide and cross- 
entry and room pillars 20 ft. wide. This practice renders the use of 
timber almost negligible. About 4 ft. of limestone is left to form the 
roof. This is in two layers of limestone; the top layer is 28 in. and the 
bottom layer 20 in. thick. This thickness of the roof layers obtains 
where the entire measure has a thickness of 22 ft. Where the 
measure diminishes in thickness, the roof layers diminish in thickness 
proportionately. 

When opening a mine, the outcrop stone is removed by open-quarry 
methods until the overburden has attained a height of 30 to 40 ft. The 
maximum overburden in this district is 325 ft. 

Two methods of mining are in vogue. In hand loading, a 3-ft. bench 
is carried on the bottom of the measure, a 6-ft. breast stope, and a 4- 
to 8-ft. overhand stope. The varying thickness of the overhand stope is 
due to the varying thickness of the measure. The limestone is imderlaid 
by shale. Where the overburden, is heavy, the limestone does not part 
readily from the shale; the result is a rough floor to shovel on and the 
broken shale becomes mixed with the limestone, thereby increasing the 
silica content of the stone. This difficulty is obviated by' leaving 
the 3-ft. bench. The bench is mined by drilling vertical holes. Where 
the loading is accomplished by power shovels, the entire measure is 
mined as a breast stope. 

Waugh Model 21 and IngersoU-Leyner No. 248 drills mounted on 
tripods are used in breast drilling, Jackhamer type drills are used for 
bench drilling, and Waugh and Ingersoll stopers are used for the over- 
hand stope drilling. In breast drilling, the angle system of drilling is 
practiced. The maximum depth of hole drilled is 14 ft. Round hollow 
driU steel, in., is used on the Waugh Model 21 and the IngersoU- 
Leyner 248 with lugged shanks and four-point McCleUan and hoUow- 
center double-chisel bits. The starter bit is 2^ in. diameter, with a 
drop on 30-in. change. On the Jackhamer type drills for bench 
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and secondary drilling J^-in. hollow hexagon steel is used and ^-in. solid 
hexs^on steel on the stopeis. One foot of drilling is required to pro- 
duce 1 ton of stone. Averages of 150 ft. per 9-hr. shift have been 
maintained by the Waugh Model 21 and the Ingersoll-Le 3 mer No. 248. 

Tests and practice have proved gelatin dynamite to be the best 
explosive for this class of mining; 30-, 40-, and 60-per cent, strengths are 
used. All primary blasts are detonated by No. 8 electric fusee. Where 
the mine is not wired for electricity, a hand-operated blasting machine is 
used; when mines are wired for electricity the current is used. Enclosed 
switches are provided for the various section of mine and are located 
800 ft. from the working face. These are locked and so constructed that 
the door to the switch cannot be closed until contact with the firing line 
is broken. No. 14 solid-rubber covered wire is used for the blasting 
circuit. Joints are soldered and taped and porcelain insulators attached 
to wood supports inserted in holes drilled in the ribs support the wire. 
Secondary blasting is accomplished by the use of fuse and No. 8 blasting 
caps. 

Hand loading is done on a contract basis at a fixed price per ton; 
two men are worked in a room. Hand loaders average 30 tons per 9-hr. 
shift. Osgood Model 21 and Marion Model 25 shovels driven by com- 
pressed air are used extensively in the various mines. The Osgood shovels 
are equipped with f^-yd. dippers and the Marion with 1-yd. dippers. 
The Marion shovels require 14 ft. of headroom and can operate in workings 
25 ft. wide. The Osgood shovel, when fitted with a 12-ft. boom and a 6- 
ft. dipper stitch can operate in 12^ ft. headroom, but requires 25 ft. width 
to swing. The Osgood shovels have caterpillar traction and the Marion 
shovels wheel traction. The Osgood shovels average 400 tons per 
9-hr. shift and the Marion shovels 600 tons per shift. The Osgood 
shovel requires one shovelman and one ground man; the Marion shovel 
requires one shovelman, one craneman, and one ground man. The 
shovels require 500 cu. ft. of free air per minute. 

The standard track gage is 36 in. ; main haulage roads are laid with 60- 
lb. rail and 6 in. by 8 in. by 5 ft. ties; 40-lb. rail and 4 in. by 6 in. by 5 ft. 
ties are used in the rooms. No. 4 turnouts are used on the main haulage 
and No. 3 turnouts on the room haulage. The mine cars are steel end- 
dump fitted with 18-in. wheels, 2^-in. round axles, 28-in. wheelbase, 
and have a live load capacity of 5 tons. Electric and gasoline mine 
locomotives are used on the main hauls, mules and small gasoline loco- 
motives (3 to 4 tons capacity) gather the loads from the working faces to 
the main gathering stations. The gasoline locomotives in service on main 
haulage vary from 10 to 15 tons. Gasoline locomotives have the advan- 
tage that they can be installed more quickly and cheaply than electric 
locomotives ; but they are more expentive in upkeep and breakdowns which 
interrupt production. To overemne production interruptions an extra 
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unit is necessary. The greatest objection is the contamination of 
the mine air by the obnoxious gases from the exhaust. The ideal mine 
haulage installation is electric trolley locomotive for main hauls and 
storage-battery or combination trolley and storage-battery locomotives 
for gathering. 

Natural ventilation is generally relied on; and when the mine is 
operated on one shift only, no trouble is experienced. All primary blast- 
ing is done at the end of the shift, when all the miners are out of the mine 
except those in charge of the blasting. The interval between shifts gives 
the smoke and fumes from blasting ample time to dissipate. Two mines 
are ventilated mechanically. Considerable trouble is encountered in 
keeping the brattices in repair, because of the heavy concussion caused 
by the primary blasts. 

Limestone mining is applicable to areas where the overburden is too 
heavy for profitable open quarry operation and the product must be free 
from material foreign to the measure. Mines possess a strong advantage 
over open quarries in that weather conditions do not interfere with pro- 
duction. The average temperature in a limestone mine is 55° and in 
severe winter weather the fluctuation will not exceed 5°. 
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Manganiferous Iron Ores of Cuyuna District, Minnesota 

Bt Cari. Zapffe,* Brainebd, Minn. 

(New York Meeting, February, 1025) 


A RISE in less than ten years from obscurity into great prominence 
economically, tersely summarizes the history and status of the Cusruna 
manganiferous iron ores. 

The Cuyuna district produces and ships mostly h^h-phosphorus 
iron ore, but the annual production of manganiferous iron ore is increas- 
ing rapidly and productions from individual mines are becoming more 
regular and more dependable as to grades and tonnages. This ore bids 
fair to become, shortly, the principal product of the district and is 
responsible for its present economic prominence. 

The iron ores of the district have been described, by the author and 
others, in many publications and will not be discussed here. Lately the 
manganiferous iron ores have been given some attention, but the range 
and variations of chemical composition of the ores, the principal physical 
characteristics of the ores and their deposits, the relative importance of 
the different ores and* their possibilities in future developments, and the 
life of the respective reserves have not been discussed. It is impossible 
to give all of this information with the positiveness necessary for it to 
constitute a reliable guide for investment or even for future mine develop- 
ment. Elach property and each party presents a special case and deserves 
critical consideration. We are dealing with special ores and always with 
a set of new conditions. Sufficient information of a general nature can 
be given, however, to indicate the reason for and the trend of the presently 
augmented developments in the district. 

In a great thickness of a big variely of sedimentary rocks, probably of 
Upper Huronion age, prevailingly of green, schistose phases of slaty and 
volcanic material intricately intermixed, lies a thin bed containing 
lenses of iron-bearing formation. These lenses occur singly or in 
groups, thus causing the variation in the thickness of the formation; 
or they are separated at their ends and give rise to discontinuity or they 
overlap and -dii^lay continuity with lateral offsets. Intense folding has 
added to the complications. 


* Geoktg^ist, Northern Pacific Railway. 
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GeneraUy a lens is tilted at a high angle and appears as a long single 
band. In a few places, these steeply dipping beds Wve been bait upward 
again and are pressed against themselves and duplicate the first beds in 
every respect; in other places the beds, though bent upward, are s^arated 
and the formation occurs at the rock surface in small rolls and then 
abruptly descends again as a single bed; or the bed may once have 
extended above the present surface but that part has long since been 
eroded and in its place appears now the green schistose rock that 
originaUy occurred underneath it. Folding, therefore, accounts mostly 
for the greater widths of formation. 

Within these lenses of formation are the ore deposits, which are 
distinctly a secondary enrichment by meteoric waters, b^inning at the 
rock surface and proceeding downward. The shapes of the deposits are 
determined largely by the shape of the inclosing lens of ore-bearing 
formation, wherefore the ore deposits tend to be long and narrow 
in the single lenses and broad and shallow in the flatter lenses. In 
recent years a few deposits, because a little wider than ordinarily and 
because the overlying glacial drift was not too deep and was easily 
removed, were developed as open-pit mines. Undergroimd mines are 
the more numerous. 

It may be concluded that during the time of deposition conditions 
must have been favorable for the formation of both iron carbonate and 
manganese carbonate, although not necessarily at the same time or in 
the same places, as is evidenced by the preponderance of manganiferous 
material in one territory to its exclusion in another, and the many 
different relationships where iron ore and manganiferous ore exist 
together. The opinion is becoming more prevalent that much of the 
manganiferous ore is a replacement of iron ore. The ores represent 
quite a variety of hydrous oxides. 

The district is large in area and ore has been found in many places. 
At present, the manganiferous ores are being taken from the part known 
as the North Range, centering around Ironton, Riverton, Tronomald, 
and Crosby. 

Two Classes of Ore 

The investigator must recognize at the outset that there are two kinds 
of manganiferous iron ores. The most important basis for a grouping is 
chemical composition, which determines different uses for the two kinds 
of ores. This division is easy to make because the ores are high or low 
in phosphorus and silica, and variable in the content of manganese and 
iron. In the deposits, the combinations are either hi^-phosphorus and 
low-silica or low-phosphorus and high-silica, the lattor combination 
usually carrying the greater manganese content and the less moisture. 
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The ores may be grouped according to color. The Cuytma ores are 
inheropl^ a mixture of iron and manganese; the color suggests the 
probable content of the manganese, the color becoming dark» and blacker 
as manganese increases. No “straight” manganese ore exists, barring 
specimen sunples; Cuyuna ores are known as manganiferous iron ores 
and the unadulterated black color does not exist. Representative piles 
of ore range from brownish-black or greenish-black, for the low-phos- 
phorus ore, to various shades of brown , for the high-phosphorus ore. The 
color is quite as determinative as is the chemical analysis and, for con- 
voiience, it is usual to speak of the ores as brown or black. The darker 
the color, the higher is the manganese content; and whereas the black 
ores are the better ores in this respect, it is more significant that black 
denotes low-phosphorus and high-silica. 

To date, the black ores have always been found in narrow bands; the 
lenses are numerous but short and small tonnages are the rule. Most of 
the mines from which they were produced are now idle but the deposits 
have not been exhausted. Extraction has been, characteristically, by 
underground methods. On the other hand, the brown ores constitute 
deposits of large tonnage, are often associated with large quantities of 
iron ore, and generally are possible of extraction by open-pit methods. 
Although it is not accurate to say that the classification can be extended 
to embrace even the method of mining as a basis, the greater part of the 
brown ore is mined in open pits. 

In the Cuyuna-Mille Lacs property is a well-defined layer of black 
ore in the midst of a large red and brown manganiferous fonnation. 
An underground mine was started in 1912; at first, the property was not 
developed for the purpose of extracting this black ore, but when the war 
was begun, in 1914, it immediately became the sole product. This was 
the first mine of its kind to attract attention; it became idle in 1919. In 
1923, extensive drilling demonstrated the presence of much typical brown 
ore on {mother part of the property and showed possibilities for an 
open-pit operation. The production of black ore from the shaft and the 
old Cuyuna-Mille Lacs deposit may be at end and the production of 
brown ores from an open-pit may follow and predominate. The property 
hfis been rencuned Louise. That represents the closest association of 
these two ores on a l{U'ge scale on one property, but it is not a gradation 
of the two kinds of ore. 

So far no intermediate class luis been foimd. The Hopkins mine, 
operated for a short time in 1918, produced the two kinds of ore from two 
widely separated pockets; the ores were mised when hoisted and mixed 
{{gain when shipped, so that to one who luis seen the ore in the cars or who 
may now examine only the cargo {malyses, this may seem to be an incor- 
rect statem^t. Somewhat similar situations have occurred elsewhere. 
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Even iron ore has been mixed with manganiferous ore, which obviously 
alters the appearani;e and the analyses. 

Distribution of Ores in Deposits 

The relative position of the black and brown ores with reference to 
the top or bottom of the ore-bearing formation, or in the main geological 
horizon, is open to debate. Much is conjectural and, from a practical 
standpoint, it may remain so. 

In one small area the black ores predominate almost to the exclusion 
of the brown ores; while in a small area several miles away a little black ore 
occurs in the midst of much brown ore. 

The brown ores are distributed throughout the presently productive 
part of the district. They have been mined, for the most part, from 
deposits that also contain iron ore. In only a few of the reliable mines 
has the ore produced been prevailingly the manganiferous iron ore. Some 
mines gained prominence from the production of manganiferous ore when, 
in fact, iron ore was the principal product; or were it not for the iron ore 
in the deposit, a large mining operation would have been impossible. 
The large reserve tonnage of brown ore in several mines would justify 
considering those mines primarily for their manganiferous ores. 

In some iron ore mines, like the Meacham and Armour No. 1, the 
associated manganiferous ore is persistently along the foot wall; in others, 
like the Huntington, it is along the hanging wall; while in still others, like 
the Armour No. 2 and Hillcrest, it occurs in the midst of the deposit. 
Each property is a special case. To classify as to distribution is of little 
economic value. What, with little development, in the early days was 
considered an erratic or irregular occurrence is substantiated today, as 
well as magnified, by the greater development. 

Periods of Dominance of Black and Brown Ores 

Each class of ore has been dominant at certain times. The first ship- 
ment of manganiferous iron ore was made in 1913; it amounted to 24,434 
tons and was used in an experimental way and in small lots. In 1914, 
the European war excluded importations of manganese ores and alloys 
that had been dependable for decade. Furnace operators d^anded 
substitutes approximating the usual foreign supplies and found the 
Cuyuna black ores the nearest to these. Under the stress of the times, the 
increased demand for iron and steel and the consequent industrial 
expansion, many black-ore properties were developed. This, in turn, 
created a larger output from the existing mines, brought into being many 
undergroimd operations, and brought black-ore deposits into prominence. 
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With the dose of the war, these low-phosphorus ore substitutes were 
no longer desired, so the mines were shut down. Although these ores 
were produced and accepted under periods of stress and were rejected 
wh^ the situation changed, they gave impetus to new ideas among 
consumers of ore, and the use of manganiferous iron ores in eva^-day 
furnace practice and the making of high-manganese pig iron became 
established facts. But since 19 19, the adoption of the practice apparently 
was based on the condition that the ores should be low in silica content, 
available in large quantities, produced with regularity, and with little or 
no variation in composition, for that is the present status at the producing 
mines. That excluded the black ores and op^ed the field widely for 
the brown ores. 

Since that date, the development of open-pit mines on brown-ore 
deposits and the production from established underground iron-ore mines 
where these brown ores are abundant have progressed with increasing 
speed. It will require another season or two before the present known 
properties or mines will be developed to their best operating possibilities, 
and because of the greatly increased demand for these ores the annual 
production of manganiferous iron ores wUl exceed the annual production 
of the ordinary Cuyuna iron ores. 

Production 

Production figures have been variously reported because of the 
different classifications made by statisticians regarding the content of 
manganese that constitutes the division between iron ores and mangiinif- 
erous iron ores. According to a division made on the basis that these 
ores were produced separately and used specially (and not according to a 
division made on a basis of setting up some arbitrary content of manga- 
nese), the production for the Cuyuna district totals 4,735,806 tons as of 
Dec. 31, 1923; the greatest annual total production was 963,853 tons, 
in 1918. 

Actual production of black ore ceased in 1918, but the accumulated 
ores at the mines were gradually acquired in the following years and, in 
1923, the last of such old ores was shipped from the stock pile at the 
Cuyuna-Mille Lacs mine. If more such ore is desired, idle or abandoned 
mines must be restored or new ones developed. The total quantity of 
black ore shipped was 1,121,373 tons. 

The production of brown ore b^an early by necessity of removal and 
not because of use for the ore; for instance, in the Armour No. 2 mine, an 
established iron ore mine, some brown ore was ^countered with tiie iron 
ore and had to be taken out but it was not shipped immediately. The 
ore was not desired, but substantial shipments were made in 1916 and 
have ccmtinued each year since. For the district, a big slump occurred 
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in 1919, 1920, and 1921, but shipments increased greatly in 1922 and 
1923. Ju<^ing by the parties using these ores and the open-pit develop- 
ments now in progress, resulting from the growing demand for this ore, if 
business conditions in the industry had remained good, it & not unlikely 
that the 1924 shipment of this ore would have approximated 1,200,000 
tons. At the present writing, perhaps not over 700,000 tons will 
be shipped. 


Chemical Composition 

An idea of the composition of these ores may be obtained by examining 
published analyses, either those recorded in ore sales books of selling 
agencies or those in the annual pubUcations of the Lake Superior Iron Ore 
Association. To illustrate the compositions and variations, a few 
analyses, representing different years and different deposits, are presented 
in Tables 1 and 2 for some properties that may be deemed typical. 


Table 1. — Season Analyses Typifying Various Black Ores 



Iron (Dry), 

Per Cent. 

Phosphorus, 
Per Cent. 

Silica, 

Per Cent. 

Manganese, 
Per Cent. 

Alumina, 

Per Cent. 

Moisture, 

Per Cent. 

Algoma 

32 

1 

0.07-0.09 

20-23 

17-19 

1 

2-3 

7- 9 

Clarke 

35.6 

0.104 

15.28 

16.95 



Clarke 

35 

0.058 

23.86 

10.99 



Cuyuna-Mille Lacs 

37 

0.09-0.10 

18-20 

11-12 


13-14 

Cuyuna-Mille Lacs 

36.73 

0.106 

12.93 

17.44 


13.48 

Cujruna-Mille Lacs . 

37.46 

0.106 

7.97 

22.01 


13.50 

Ferro 

29-32 

0.07-0.09 

17-19 

20-21 


7-10 

Gloria 

28 

0.18 

17-19 

17-18 


8- 9 

Hopkins (black ore, expected 







analysis in 1919) 

38 

1 0.063 

16.45 

16.03 

1.73 

9.91 

Mangan No. 1, crude 

36 

0.13 

22 

13 

2.50 

0-10 

Mangan No. 1, hand picked. . 

33 

0.13 

17 

17 

2.50 

9-10 


The moisture content for brown ores is notably variable, more so 
than is indicated by the analyses in Table 2. These ores might be 
divided into high- and low-moisture ores. Not uncommonly brown ores 
mined from deposits that are primarily operated for their iron ore show the 
lower moisture contents; such ores also are invariably lower in alumina. 
The manganiferous ores from the Mahnomen pit were crushed and 
washed in 1923, thereby reducing the alumina and moisture contents; but 
in 1924 the ores were only crushed. The ores from the Sagamore pit, 
probably the wettest ores now mined, are dried to reduce the moisture; 
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Table 2. — Season Analyses Typifying Various Brown Ores 



u 

F 

H 

t 

SiHea. 

Per Cent. 

Mangsneee, 
Per Cent. 

Alumina, 

Per Cent. 

Moisture, 

Per Cent. 

Arko 

41 

0.290 

9 

10-12 

4 

14 r -16 

Armour, No. 2 

Hillcrest 

46-49 

0 . 18 - 0.21 

8 . 5 - 9. 5 

5 . 2 - 8. 2 

3 . 5 - 4. 5 

11-13 

46-49 

0 . 25 - 0.28 

6-9 

4-6 

3 . 8-4 

8 . 5 - 9. 5 

Huntington 

53.65 

0.309 

7.29 

2.78 

2.92 

9.56 

Milford 

43.05 

0.238 

6.70 

11.41 

4.00 

18.00 

Martin 

52.81 

0.182 

7.60 

5.04 


13.50 

Mahnomen 

50.14 

0.277 

6.97 

4.93 

3.24 

12 » 

Mahnomen 

46.80 

0.283 

5.48 

8.25 

4.20 

12 « 

Mahnomen 

43.33 

0.297 

5.10 

11.72 

3.25 

12 « 

Mahnomen 

41.03 

0.296 

4.43 : 

13.89 

3.25 

12 » 

Mahnomen 

36.42 

0.310 

3.90 1 

18.69 

3.20 

12 - 

Sagamore 

43.00 

0.280 

5.00 1 

10.00 

5.00 

10 ^ 

Sagamore 

48.00 

0.280 

8.00 : 

6.50 

4.00 

10 » 

Sagamore 

51.00 

0.280 

8.00 1 

5.00 

4.00 

10 ^ 

Sagamore 

53.50 

0.280 

8.00 ! 

3.50 

3.50 

W 

Sultana 

38 

0.174 

9-10 ; 

13.75 

3.50 

15.00 

Portsmouth 

46.20 

0.286 

6.44 1 

6.32 

4.52 

17.00 

Portsmouth 

43.22 

0.298 

6.33 1 

9.55 

4.84 

17.00 

Armour, No. 2 

46.88 

0.201 

10.43 1 

7.21 

4.07 

11.31 

Louise 

45.95 

0.213 

8.72 1 

1 

8.98 

2.98 

14.00 


• Washed ores, 1923. 

^ Dried ores, expected analyses for 1924. 


compared with ores from other mines the dry alumina content is high. 
The conditions suggest a close relationship between high alumina and high 
nioisture. A sintering plant has been erected on the Oberg-Evergreen 
property to treat brown ores that will be obtained from that property 
in 1925. In 1924, a small tonnage of manganiferous ore from the Weame 
pit was used and a sinter produced that has an excellent physical struc- 
ture. Sintering drives out all the water and burns up the material 
usually reported as ‘4oss by ignition/' Every effort is being made in 
the district to give the trade a desirable product. 

The black ores are low in alumina and moisture and frequently are 
lumpy. The black ores mined have shown much impregnated vein 
quartz, and hand-picking was always undertaken when these ores were 
mined; in addition, the ores are associated and intenningled with a 
parent rock containing iron silicates that contribute much of the silica. 
Some of these ores show a greenish cast because of that leaner material. 
Because of this intimate association of the silica with the iron and the 
manganese, it will be impossible to apply at the mine any known process 
of separation that will reduce the silica content. 
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It sems that for a whUe the trade will have to adapt itself to the use 
of the brown ores quite as th^ are known today, which may be said to 
have an average composition of 41 to 46 per cent, iron, 0.25 to 0.3 per 
cent, phosphorus, 4.50 to 9 per cent, silica, 5 to 12 per cent, manganese, 
and 3 to 4.5 per cent, alumina, excluding special grading to meet rare 
requirements. The average manganese content of all ores shipped will 
approximate 8 to 10 per cent. There is a tendency now to produce two 
grades, an 8 and a 10 per cent. If higher manganese is desired, some of 
the brown-ore mines can produce small tonnages. If lower phosphorus is 
desired, recourse must be had to a deposit of high-silica (black) ore; as 
these ores are costly to produce, their production will be deferred 
for some years. 


Resekves and Future Possibilities 

Most of the drilling in the Cuyuna district was conducted vigorously 
in the earliest years; since then few properties have been subjected to 
intensive exploration. In that earlier period, manganiferous ore was 
deemed undesirable and drills were placed to avoid it. Many properties 
are known to contain some manganiferous ores. The present tendency 
is to strengthen known or developed properties by extending the mine 
developments, and by acquiring adjoining parcels and increasing the 
magnitude of the existing operation. Another reason for not developing 
new tonnages, in later years, was to avoid creating burdensome taxation 
for idle properties. For that reason it is better to wait until the ore is 
desired and then test the possibilities of the numerous prospects. 

Lack of explorations makes it impossible to formulate tonnages accu- 
rately for the entire field. The production record of mines that produced 
black ores shows a very small average annual output per mine. There 
are about a dozen properties that could be developed or restored. The 
average production for each of a number would hardly exceed 50,000 tons 
per year, because of the small sizes of the known deposits, and a few would 
not be much more than a clean-up scram. From a standpoint of 
reserves, thqr may be estimated to be the equivalent of about one-eighth 
of the brown-ore reserves. 

The brown-ore deposits now being operated are in a state of develop- 
ment suitable for accurate estimating. They are generally well known, 
and are of a magnitude that enables a fairly close estimate to be made of 
the tonnage where explorations are perhaps inadequate. The largest 
producers ship, on an average, several hundred thousand tons per year; 
the smallest 50,000 to 100,000 tons; and others about 150,000 tons. 
Had the early prediction of production of 1,200,000 tons for 1924 been 
fulfilled, the average shipment this year for all mines would have been 
between 150,000 and 200,000 tons. The maximum annual production 
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of tile MahBomen mine has f^ost reached 400,000 tons. The Sagamore 
mme has been studied by various careful investigators, and it is the 
opinion of the author that, including all ores, all present consumers of 
Cuyuna manganiferous ores can be supplied from this one mine for 
many years. This mine has not been operated to capacity nor is it 
fully developed; it could produce over 4000 tons per day and easily 
deliver 700,000 tons per year. 

Obviously the future will bring with it a greater consumption of these 
ores, as it has done in all important lines in the industry. Such demand 
will be met by a greater development of new tonnages. Consumers may 
become less exacting in their requirements, especially when the only 
available supplies of a raw product are not always up to desired require- 
ments, as we understand them today. Without trying to see too far into 
the future, the conclusion seems inescapable that after making due allow- 
ance for increases in consumption and analytical requirements, consumers 
are amply protected for fifteen years at least with suitable ores produced in 
large amoimts and at reasonable costs. This does not mean that the 
Cuyuna ores will be exhausted at that time, but the rapid comprehensive 
changes that now take place in a few years in the iron and steel industry 
hardly warrant our seeking further into the future of a commodity, like 
manganiferous iron ore, that is just making headway. Such ores 
undoubtedly will be available and will be mined for thirty years or more, 
but the guarantees required and costs may differ, explorations may 
bring to light new ores, different mixing may be resorted to, and by other 
practices the life of the deposits extended materially; for such a time our 
present standards cannot form a reliable guide. 

The reserves of iron ore in the Lake Superior r^ion are known quite 
wtil, and at a stipulated rate of consumption the approximate life of the 
reserves can be estimated. Each year new material will be made avail- 
able. Twenty years from now ores high in silica will be used, either in 
crude form or aft^ having been subjected to some beneficiating process. 
Every such effort will add greatly to the available reserve tonnage and 
extend the life beyond our first calculation. 

The Cuyima district possesses more manganiferous iron ores than all 
the rest of the country; but although required in smaller amounts 
than iron ores the supply is not so great that it will outlast our iron ore 
resources. The reserves of manganiferous iron ores in the Cuyuna 
district are not as well known as they should be. In many areas, the 
presmee of such ores, where not mined now, are indicated either by 
holes that were drilled in search for iron ore or by abandoned shafts 
started during the war. The demand for high-manganese low-phos- 
phorus ores diuing the war and for low-silica high-phosphorus ores since 
the war has created a sort of stal^ate for the one ore and an unprece- 
dented rush in production for the other, and explorations are halted. 
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Everything relating to the brown ores is momentarily a standard of meas- 
urement for comparison, and that is not sufficient for purposes involving 
the future. 

Manganiferous pig iron is a special pig iron. The alloy ferro- 
manganese contains about 80 per cent, manganese; spiegeleis^ contains 
about 20 per cent. (16 per cent, during the war); and manganiferous 
pig iron may be said to contain between 4 and 10 per cent. No alloy can 
be made unless the proper relation between manganese and iron exists 
in the ore; therefore, after allowing for the heavy losses of manganese in 
smelting ores, like Cuyuna ores, containing from 8 to 10 per cent, man- 
ganese on the average, are usable only for making high-manganese pig 
iron. Manganiferous pig iron cannot be used instead of ferromanganese 
or spiegeleisen. 

The use of manganiferous pig iron is rapidly gaining favor and it 
appears to be one of the most important recent advances in metallurgy 
where the raw products are involved. Undoubtedly increased adoption 
of the practice, rather than retardation, will be the rule. The assured 
increase in reserves of iron ore will be of greater proportion than increases 
in reserves of Cuyuna manganiferous iron ores if only such kinds as are 
now classed as available reserves are taken into consideration. A plausi- 
ble conclusion is that the present reserves of such manganiferous ores are 
not big enough for the requirements of the Lake Superior reserves of iron 
ore likely to be available twenty years hence. 

That conclusion is faulty because the comparison is between an ore 
that is well investigated and with suitable beneficiation established and 
an ore that is without either. For the iron ores we allow tremendous 
increases in tonnage as the result of beneficiation; but for the manganif- 
erous ores no allowance is made for changes in practices, nor is explora- 
tion of properties as complete as for the iron ores. 

Reference has been made herein regarding an ore intermediate between 
the brown and black ores, and the statement was made that none was 
known. There is a third class, however; it constitutes the material 
rejected today because too high in silica. The eventual necessity of 
resorting to high-silica manganiferous ores will become just as urgent as in 
the case of iron ore. Because the black ores are usually associated with 
large widths of siliceous manganiferous formation, conditions are favorable 
for the development of large open pits on it and enable low mining costs 
to be obtained. The ore produced, if we may call it that, will be higher 
in manganese than is the present brown ore. Also, that material will 
be low in phosphorus, alumina, and moisture. In silica it will range 
between 25 and 35 per cent. Iron and manganese combined will total about 
40 to 45 per cent. dry. In one place alone there is enough such material 
in a continuous band, for a mile or more, to produce a tonnage far in 
excess of any maximum figures now producible for black and brown ore 
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reserves combined. There are other big areas. To some people it may 
seem absurd to refer to or consider material so high in silica, but it is the 
use of manganese and a growing practice that are under consideration 
and twenty years hence something must be offered to replace the rapidly 
depleted brown ores. Due to low-cost mining and the higher manganese 
content this material will not be shunned. It will offer new problems, but 
they will be met. This material will have an advantage in contributing 
more manganese per ton than do the brown ores now being taken eagerly. 

As a matter of good conservation practice, even now some black 
ores might be mined and absorbed with the brown ores shipped and 
thereby consumed in suitable mixtures before mining and absorbing them 
becomes less favorable, except as they may in time become parts of open- 
pit deposits of the high-silica ores just described. 

The Cuyuna district will never rival the Mesabi district from the 
standpoint of tonnage, nor are manganiferous ores needed in the same 
large amounts as are iron ores, but the Cuyuna district is destined to 
become, in a relative sense, as important and essential to the industry 
for its manganiferous iron ores as the Mesabi district has become note- 
worthy for its preponderance of open-pit low-phosphorus iron ores. 

DISCUSSION 

A. K. Knickerbocker,* Virginia, Minn, (written discussion). — 
The author makes a broad distinction between the black ores (the 
higher silica, higher manganese, lower phosphorus, lower alumina, and 
lower moisture ores), and the ‘ ‘ brown ores, or ores with exactly opposite 
characteristics. In a broad way, this color distinction does hold. The 
brown ores are usually limonitic in character and tend to the characteristic 
brown limonitic color. The blacker ores derive their color from their 
increased content of the black manganese oxides; but these colors are 
not entirely indicative. The brown ores vary in color from blackish- 
brown, to brown, red, and purple, with all their intermediate shades, and 
a similar variance obtains in the black ores. Black denotes high-man- 
ganese, not necessarily either low phosphorus or high silica. In some ore- 
bodies, the blacker the ore the lower is the silica, which in these ores 
exceeding the ordinary content is usually introduced by crisscrossed and 
narrow veins of pure quartz or by a film or matrix of low-grade, siliceous, 
low-manganese ore, of a brownish red which surrounds the varying sized 
lumps of hard, low-silica, high-manganese very black ore. 

The author states that no intermediate class of ore has been found, 
and mentions the Cu3runa Mille-Lacs mine, which has been renamed 
Louise. In this property there are three distinct orebodies, the northern 
of which is ''black'^ ore, the southern ^^brown^^ ore; the middle has char- 
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acteristics in alumina, silica, manganese, phosphorus, and moisure inter- 
mediate between those of the two orebodies mentioned by the author. 

The paper may convey the general impression that the preponderance 
in use of the brown ores since the close of the war is due entirely to the 
superior quality of these ores. Nowhere has been brought out, in a 
sufficiently outstanding manner, that the real reason for the supremacy of 
these ores is a lower cost of production. The brown ores, in the mines 
from which production is now coming, lie in such a way that they may 
be attacked by open-pit methods; or they occur with iron ores in 
established underground mines operated primarily for their iron content. 
The black ores so far have been mined by strictly underground methods, 
for themselves only. If the operating conditions of the orebodies were 
reversed, it is reasonable to suppose the black ores would have continued 
to hold the supremacy. The development of open pits on brown ore- 
bodies toward the end of and immediately following the war, forced all 
of the underground mines to close, regardless of whether the ore was brown 
or black. That they will reopen in the future is beyond question; the 
probable date of such reopening depends entirely on the approaching of 
exhaustion of open-pit brown ores. 

Certain it is that if black ores are to be produced in the near future, 
no such silica content as was shipped during the war, as shown by Table 1, 
can be shipped, except in special cases. During the war, because of the 
extreme demand for manganese and a corresponding disregard for other 
elements, mining in at least some of the properties was not confined to the 
orebody itself but extended into the surrounding formation, at all points 
where the formation carried a high manganese content. This is 
thoroughly proved on one property, the underground maps showing slic- 
ing to have been carried far beyond the bounds of the orebody as deter- 
mined by the mine’s own analysis maps. 

The author assumes a great deal when he states that production of 
black ores at the old Cuyuna Mille-Lacs mine (now the Louise) 
''may be at end.” This mine has been producing steadily ever since it 
was reopened in June, 1924. There is no sign that its production is at 
end. In mining the black ores on this property, the operators are working 
with the idea of staying within the orebody, and letting the high-manga- 
nese, high-silica, manganiferous formation remain until the rather indefi- 
nite date prophesied by the author. Analyses of shipments of the black 
ore from this mine, in 1924, are given in Table 3 to show the character 
of black ore now produced by this property. 

Manganiferous ores are being bought for their manganese content. 
That an ore such as the above is more valuable to the purchaser than the 
average brown ore is evidenced by his willingness to pay more for it. 
He is buying a certain number of tons of metallic manganese, not ore, and 
because of the lessened number of tons of ore required to furnish the 
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Table 3. — Analysis of Shipments of Black Ore from Louise Mine in 1924 

Djubd at 212^ F. 
PaBCam. 


Iron 

Phosphorus 

Silica 

Manganese 

Moisture 

Combined metals 


37.02-38.01 

0.058-0.081 

11.33-10.46 

19.89-17.58 

11.55-12.66 

56,91-55.59 


metallic manganese necessary, effects a saving on freights, handling 
charges, etc. Taking into account the increased value of these black 
ores, the character and size of the orebody will determine whether or not 
these ores can be produced by underground methods at a cost to compete 
with the lower grade brown ores. 

Because of the insistent demand for a higher general manganese 
content, the black ores have not only a value in themselves — ^they are 
invaluable for mixing with the brown ores. Their high-manganese con- 
tent increases the general manganese tenor, and as their characteristics 
in all other elements, including moisture, are opposed to those of the 
brown ore, their mixing with the brown ores presents nothing whatever 
that is not of value or of help to the resultant mixture. 

Carl Zappfe (author ^s reply to discussion). — The purpose of the 
paper, primarily, was to tell about the reserves and the indicated future of 
all the Cuyuna manganiferous iron ores; but to present that information 
in a manner valuable to all interested parties, it was necessary to explain 
first the general situation as to these ores, present and past operations, 
and then to show wherein current adverse opinions about the charac- 
teristics of these ores and their extent had found an origin. Mr. Knicker- 
bocker is interested primarily in the Louise mine, which is only a detail 
in the whole picture, and the points he raises are not exactly appropriate 
in a general treatment. 

He states that some black ores (like brown ores generally) are low in 
silica. Such black ores are, however, insufficient in quantity to con- 
stitute a separate and profitable operation or to sustain an industry; 
therefore, they cannot be considered as of value in establishing a general 
rule when we know definitely that the big bulk of the black ore is high in 
silica. We know also that brown ores high in silica are refused by con- 
sumers; but as the bulk of brown ores is low in silica, they are chosen in 
preference to the black ores, although the ores are generally lower in 
manganese. No ore, regardless of manganese content or cheapness of 
mining, would be mined if the silica were objectionably high. 

It is not true that the low cost of production is the sole factor deter- 
mining the present choice between brown and black ores. The Ports- 
mouth mine is a pit operation on brown ores and should be a low-cost 
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operation, but it has not produced ore for several years; on the other 
hand, the Milford mine is an underground operation and is producing 
heavily, but no iron ore is produced. The Hopkins mine is an under- 
ground operation and produces only manganiferous ore. The Sagamore 
is an open-pit operation in brown ores, but it has not produced heavily. 

No mine operates exclusively today on black ores. The Louise mine 
is both an underground mine and an open pit. Recently the under- 
ground part has been restored in activity and is producing primarily 
black ore as low in silica as such ore permits, and it is adjacent to some 
marketable iron ore; the open pit is separate therefrom, is just being 
developed, and is on a very large tonnage of brown and iron ore. Between 
the two deposits of manganiferous ores, the bulk of the formation is 
material of a chemical combination not suitable as an ore today, regard- 
less of name applied or method of mining; it is similar to an abundance 
of reserve manganiferous formation for which this district is distinctive. 
I considered it as belonging to the third class named and as constituting 
a future reserve. If it can be mixed with other ores produced from the 
present mine and formed into a desirable chemical composition, it 
becomes immediately available. Such is true of any reserve ore, and 
so does not alter the general situation. 

While certain small tonnages of black ore are being sold, this is 
because the high-manganese content is desired to fill a special need at 
some furnace and, as intimated, undoubtedly a higher price is paid for it. 
The quantity taken is small, but that, too, does not alter the general 
situation; when such ore is needed it will be produced. But it is the low- 
silica brown ore that makes the Cuyuna district distinctive, and it is 
the low silica in the ore that induces consumers today to buy it in 
large quantities. 
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Economics of the Cuyuna Manganiferous Iron Ores 

Bt C. P. McCobuack,* Cleveland, Ohio 

(New York Meeting, February, 1925) 

The Cuyuna manganiferous iron ores can be a principal source of 
manganese for the iron and steel industry in the United States, provided 
metallurgical methods as a whole are adjusted so as to use run-of-mine 
ore. The use of manganese in steelmaking is growing. Increasing 
amounts of impurities in raw materials call for more manganese, a 
constant cheap supply of which is wanted. 

There are few deposits of ore in the United States carrying over 
35 per cent, manganese that can be mined and marketed at a 
profit in normal times. We are largely dependent on foreign ores. 
The small domestic deposits should rightly be held in reserve for an 
emergency, such as a war, when importation might cease. Even the 
production from lean ores, concentrated it may be, might not carry us 
through a protracted stringency. 

The Cuyuna district is, therefore, during normal times capable of 
supplying a large total of manganese. The ores are iron ores containing 
5 to 25 per cent, of manganese with the inverse range of 52 to 28 per cent, 
of iron. The manganese costs no more per unit in the ore than the iron, 
because cost of mining, largely by open-pit methods, is not affected by the 
manganese content. The manganese units should, perhaps, command 
a higher price, but as their value is contingent on metallurgical practice, 
a higher price may be justified only when a shortage in manganese occurs. 

Manganiferous iron ores can never entirely supplant straight man- 
ganese ores though methods are employed that will permit them to do so 
partly. For the manufacture of ferromanganese, ores carrying above 
42 per cent, manganese are needed. Ores with manganese running be- 
tween 20 and 42 per cent, are used for making spiegeleisen. But estab- 
lished practice in certain plants, based on the admixture of manganiferous 
iron ores to straight iron ores has greatly lessened the consumption of 
high-priced, scarce, manganese alloys with good results. 

The substitution of manganiferous ores for ferro and spiegel affects 
the manufacture of basic iron and its conversion into basic open-hearth 
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steel. Successful replacement is a matter of adaptability; results, and 
costs. Cuyuna ores are not suitable for malleable and foundry irons, 
which have low manganese specifications. 

Two classes of ore are produced, analyses of which are here given. 
They are the basis for this discussion. 


Crude tonnage 

Dry iron, per cent 

Dry phosphorus, per cent 

Dry silica, per cent 

Dry alumina, per cent 

Dry manganese, per cent. 
Moisture, per cent 


Hioh-phosphobus 
Low-silica 
(Bbown Obbs) 

28,000,000 

42.00 
0.25 

7.00 

4.00 

9.00 

13.00 


Low-phosphobus 
High-silica 
(Black Obbs) 

3,500,000 

31.00 
0.08 

17.00 

2.00 

20.00 

10.00 


The above tonnages are approximate, as all the deposits have not 
been thoroughly explored or developed. But they are on the conservative 
side and close enough to base future probabilities upon. They represent 
amounts of ore profitable to mine during average times and could be 
increased at inflated prices. 

The high-phosphorus, low-silica class is involved mainly in the 
problem of substitution for ferro and spiegel. The low-phosphorus, high- 
silica class has its greatest possibilities in the substitution for manganese 
ores in the manufacture of spiegeleisen. Its utilization is of secondary 
importance to that of the first class. 

Manganese contained in the two classes of ore is as follows: 


High-phosphorus, low-silica 
Low-phosphorus, high-silicia 


Tons Mangahbbb 
Allowing fob 80 
Tons of Pbb Cbnt. 

Manganese Smelting Lobs 


2,200,000 1,540,000 

630,000 441,000 


Totals 


2,830,000 1,981,000 


Note. — In addition to these classes, there is a third type (high-silica) that is 
greater in tonnage than the others combined. Its analysis would be roughly as 
follows : Iron, 16 to 20 per cent. ; phosphorus, 0.075 per cent. ; silica, 25 to 35 per cent. ; 
alumina, 2 per cent.; manganese, 22 to 28 per cent.; moisture, low. This ore has no 
market now and is wholly undeveloped ; its possibilities will be considered later on. 


Assuming that 13 lb. of manganese is required per ton of basic steel 
and that 25 per cent, of this can be supplied by these ores, the above 
quantities of metallic manganese would supply the industry for 30 years 
at an annual steel production of 40,000,000 tons. Assuming that 25 
per cent, of an annual iron ore production of 60,000,000 tons from the 
Lake Superior district requires a 10 per cent, admixture of these ores, the 
foregoing reserves of high-phosphorus, low-silica ore would last 20 years. 
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Before ihe expiration of these periods new ore supplies may be developed 
and deposits now unprofitable may become valuable ores, with metallurgi- 
cal processes modified to suit. Therefore, a 30-year life would be a 
probable Tninimum synchronising with the exhaustion of the present 
merchantable iron ores in the Lake Superior district. The reserves, 
then, are large enough to warrant full and serious consideration of the 
economics of this type of ore. 

Function of Manganese 

Manganese is the only desulfurizing, deoxidizing, and conditioning 
agent now known that can be profitably used. When not present in 
the raw ore, in sufficient quantity, it must be added either as ferro, spiegel, 
or scrap to the furnace burden or as ferro or spiegel to the hot metal 
— either before charging to the open hearth or at the finish. Approxi- 
mately 70 per cent, of the manganese in the ore goes into the iron and is 
so utilized in the various stages up to finishing the steel. The only 
manganese addition then needed would be to bring the content in the 
tapped steel up to specification. 

When present in sufficient amount within the blast furnace, manganese 
will combine with the greater part of any sulfur that is present, forming 
manganese sulfide. Much of this goes into the slag while a portion of the 
balance is transformed, either in the furnace or in the ladle, to Mn and 
SO*; the SO* going off as a gas and the manganese returning in part to 
the iron, the remainder entering the slag as oxide. This desulfurizing 
action is maintained in much the same way within the open-hearth fur- 
nace. It requires above 1 per cent, manganese in the iron to take up any 
appreciable amoimt of sulfur. 

Manganese has a greater affinity for oxygen than has iron and will 
remove oxygen from iron or prevent its oxidation. This action is 
carried on within the open hearth when any manganese is present in the 
metal. Between 1 and 2 per cent, in the crude iron will give a residual 
amount of manganese in the bath varying between 0.25 per cent, and 
0.38 per cent, depending on the carbon content, sulfur introduced by the 
fuel, and time of heat. The rest of the manganese enters the slag and 
equilibrium tends to be set up between that in the slag and that in the 
metal. Manganese, reduced by carbon from its oxide in the slag, returns 
to the metal, attacking any ferrous oxides present, after which a part goes 
back into the slag as an oxide. Manganese evenly disseminated through 
the iron is more efficient than ferro in jneces and there is less recarbon- 
ization to be done at the end. It is less wasteful than manganese ore 
charged in with the iron to the hearth. 

Manganese gives a more even textured pig iron and, when not above 
2 per cent, tends to soften the iron counteracting the hardening tendency 
of sulfur, while carbon is kept in the combined form. 
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Manganifebous Ikon 

Impurities in materials for steelmaking continually increase. Higher 
sulfur in coke ordinarily calls for a highly calcareous or increased slag 
volume in the blast furnace with slower driving and increased fuel con- 
sumption, which may be obviated, however, by putting in the iron about 
2 per cent, manganese. Some progressive plants produce irons with 
between 1 and 2 per cent., but the practice is not general. A blast 
furnace making basic iron will operate better on 2 per cent, manganese 
than on 1 per cent., because of the fluidity of the slag and its wide desulfur- 
izing action. The amount of slag required is diminished and it can be 
worked leaner thus permitting faster driving and less coke consumption. 
No deleterious effect is noticeable on the furnace linings. Low-sulfur 
iron is made for use in the open hearth. High silica in the ores must be 
neutralized by a base, otherwise it occasions heavy loss of manganese, 
which then acts as a base entering the acid slag, and some is lost by 
increased volatilization. Increased alumina content in ores tends to 
correct this and an increased amount of dolomite (except where the 
alumina is very high) will neutralize any further excess of acid. 

Carrying the manganese higher than 2 per cent, in basic conversion 
iron is of questionable value. It is not allowable in cast iron and is 
uncontrollable on remelting in the cupola. Above 2 per cent, manganese, 
the blast furnace costs rise and the tonnage is lessened. The beneficial 
results obtained do not counterbalance these disadvantages. All 
manganese in the iron except for the 0.25 to 0.38 per cent, residual is lost 
in the open hearth, and therefore must not be thrown away when results 
do not warrant it. Some auxiliary process such as the electric furnace, 
taken up in more detail later on, may aid in establishing the use of iron 
carrying above 2 per cent, manganese. 

Iron carrying 2 per cent, manganese is in a conditioned state and 
shortens the finishing period of open-hearth steel because of its action 
on the sulfur, introduced in the fuel. For every 0.25 per cent, of 
manganese above 1 per cent, in the charge, the production is ordinarily 
increased by 1 per cent. Also, in the manufacture of steel under usud 
conditions, manganese addition in the ladle to meet the steel specification 
is lessened at the rate of 0.7 lb. of metallic manganese (in either ferro or 
Spiegel) for each per cent, of manganese above 1 per cent, and up to 
2.5 per cent, in the charged iron. High residual manganese obtained from 
a manganiferous iron ore, will therefore save ferro and compared with a 
low residual, lower the cost of finished steel. 

Manganiferous iron tends to give most steels better chemical and 
physical properties. Sulfur is cut down to 0.035 per cent, and ductility 
both hot and cold improved. Less trimming is required and mill yield 
is increased. 
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Adaptabilitt of These Ores 

The cost is usually the prime consideration. The manganese in the 
Cuyuna ores can be marketed at the going prices of iron; therefore the 
cost of reduced manganese up to 2 per cent, approximates the cost of an 
equal amount of reduced iron, so that up to that content these ores are a 
cheaper source of manganese than either ferro or spiegel. For example, 
when using an average iron ore carrying a low manganese (0.50 per cent.), 
it would take 49 lb. of manganese in the form of ferro, spiegel, or 
manganiferous iron ore to yield a ton of iron with 2 per cent, man- 
ganese. Allowing for 30 per cent, loss of manganese it would require 
62 lb. of ferro or 251 lb. of spiegel, or 552 lb. of 9 per cent, manganiferous 
iron ore to supply the necessary manganese. Basing costs on the 1924 
average and allowing for the iron recovery from these materials with 
their respective reduction costs, it is estimated that the comparative costs 
of the 49 lb. of manganese would be as follows: ferromanganese, $2.54; 
spiegeleisen, $1.99; Cuyuna manganiferous iron ore, $1.43. This same 
ratio of cost would hold true in whatever percentage of mixture is 
required. This latter is cheaper and, because its manganese is distributed 
through a greater bulk, it is more eiHBicacious. 

The phosphorus in the high-phosphorus, low-silica class, which is 
the adaptable ore for mixing purposes and constitutes the bulk of the 
reserves, is of no great disadvantage in basic iron, especially when only 
10 to 15 per cent, is required as an admixture. Progressive producers, to 
save freight, are drying their ores, though high moisture in itself is of no 
fundamental consequence. The relatively few deposits of fine ores will 
not be worked until it is economical to agglomerate them; the other 
ores are as good in structure as the iron ores with which they would 
be mixed. 

As the manganese is for purely medicinal purposes, it is necessary 
that the blast furnace be assured of a uniform manganese content in its 
ore mixture. A 10,000-ton lot may average 9 per cent, manganese while 
in blocks of 25 tons the manganese may vary from 5 to 15 per cent. 
Suitable mixing is therefore needed to prevent undue fluctuations in the 
manganese content of the crude iron. 

Because of ununiformity of small deposits, many former operators have 
ceased work, the larger ones now being able to supply fairly uniform run- 
of-mine ore. The establishment of a number of grades to suit the fancy of 
the purchaser is impractical as it tends to raise the mining costs, thereby 
making a large number of mines or portions of mines improfitable. It 
confuses the market; it does not build up confidence in the ores, and does 
not give to the metallurgist a stable starting point for new practice. 
The majority of the mines are now producing run-of-mine ore, which 
must be the foundation for continuous furnace practice and means a 
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stable cheap production from the Cu3runa range. It is then strictly up 
to the ore producer to maintain an even manganese content according to 
his guarantee of run-of-mine ore. 

For basic-iron production, the high-phosphorus, low-silica ores are 
adequate and important. The needs for it, if fully developed, will 
absorb a normal production. Its phosphorus unfits it for making spiegel, 
though a preliminary smelting in a basic electric furnace might make it 
suitable. Even then only the best of the ores could be used, otherwise 
the cost of stepping up the manganese would be prohibitive. 

The low-phosphorus, high-silica class is not now in demand and its 
utilization is dependent on metallurgical practice to be developed. The 
phosphorus is only relatively low and the ore is still in the non-bessemer 
class. To date the demand for ores containing above 28 per cent, silica 
amounts to about 2 per cent, of the total from the Lake Superior district, 
and has remained at this figure for the past 10 years. As the ores depre- 
ciate in iron year by year, the silica content goes up with the alumina, so 
that in the total ore consumed the total silica required seems to be auto- 
matically adjusted. High silica is needed only in smelting certain indi- 
vidual ores and under certain smelting conditions. Increased supplies of 
magnetic concentrates, and this applies especially to any future Canadian 
production, will develop some increase in demand for siliceous ores as 
admixtures. If manganese is required at the same time with silica, it 
would seem that the low-phosphorus, high-silica Cuyuna ores would be 
ideal. However, this condition would not be standard and would call for 
exact balancing of the manganese and silica, else too high a manganese 
iron would be produced because this class of ore carries relatively high 
manganese. Therefore, its probable application is in the mixing with 
high-phosphorus, low-silica ores, in order to give a higher manganese to 
the run-of-mine ore. It may also prove suitable for making spiegel. 

Before going into the matter of spiegeleisen, the third class of ore will 
be considered. It is lean ore with 25 to 35 per cent, silica, and high 
manganese but with low iron. The tonnage is large but almost wholly 
undeveloped because of no market. It is excluded from the admixture 
use because of its too high silica. Its impurities and low ratio of iron to 
manganese eliminate it from the spiegel class. Some, as yet undeveloped, 
beneficiation process to remove the silica might make it available for 
any use. Some future method for smelting siliceous ores at a much 
lower cost than at present would make available these several millions of 
tons of metallic manganese. This future is indicated by the gradually 
increasing silica content in aU of our iron ores, and can well be awaited 
as this class of ore represents but a small fraction of the invested capital 
in the other two classes and can therefore be held in reserve at a low cost. 

Ordinary spiegeleisen requires low-phosphorus ores. It could be 
made from the low-phosphorus, high-silica ores for use in basic processes 
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ezc^t lliat the high silica would mean h^h costs. High silica causes a 
large loss of manganese, both in the slag and by volatilisation, and greatly 
increased smelting costs because of the large slag volume necessary to 
carry off the silica, increased coke consumption, slow time of smelting, 
and heavy lining expense. The product would be a sUico-spiegel as a 
considerable amount of silica would be reduced. Such an alloy may be 
made economically in the future in the electric furnace from this type of 
ore, or even standard spiegel. The silica could be slagged off in an acid- 
lined electric furnace without undue loss of manganese since, because 
there is no blast, very little manganese oxide would be formed, which 
would act as a base and go into the acid slag. Cheap transportation to 
and from centers of cheap electricity from developed water power wfll 
do much in this direction. 

The ratio of iron to manganese in the low-phosphorus, high-silica 
class is under 2.50, which is the limit for ores for spiegel. The amount of 
silico-spiegel used is very small; mostly in the recarbonization of basic 
silicon steels and for special alloy steels. Increased use of silico-spiegel, 
and thereby of this class of ore, depends largely on future metallurgical 
developments. Therefore until new uses arise or the electric furnace is 
perfected with cheaper power, the best market for the low-phosphorus, 
high-silica class is in grading up quantities of high-phosphorus, low-silica 
ores deficient in manganese or else in suppl3ning the demand for admixture 
to ores deficient both in manganese and silica, such as magnetic concen- 
trates. With sulfur-bearing iron ores, it could be used as an admixture 
when the cost of the manganese is less than any preliminary treatment to 
remove the excess of sulfur from the ore. The reserves of the ore are 
small and they occur in separate lenses, so that any present lack of market 
for it will not restrain full production from the other class. 

The making of manganese pig (5 to 20 per cent, manganese) is entirely 
possible except that the costs of reduction are high. When made, it is 
neither fish, fowl, nor beast. It may be substituted for certain amounts 
of spiegel additions when abnormal conditions warrant it. Such addi- 
tions require presmelting, when the manganese content is uncontrollable 
and liable to heavy loss. Its manganese content is lost in the open 
hearth, therefore its beneficial results here must outweigh the cost of its 
manganese units above 2 per cent. It is too bulky to be used as a sub- 
stitute for ferro as an addition at the finishing point of steel. 

If electric smelting is ultimately developed, it will be possible to treat 
the slags both from the blast furnace and the open hearth and recover 
the manganese therein. This would favor the m^ng of, say 10 per cent, 
manganese iron for conversion, thus obtaining high efficiency in deoxi- 
dization and desulfurization yet not losing this amount of manganese. 

Experiments by individuals and the Bweau of Mines in the malring 
of sponge iron may open new fields. One of the great difficulties in 
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utilizing sponge iron in the open hearth is its rapid oxidization due to its 
finely divided and porous form. Sponge iron made from a manganiferous 
iron ore and canning high manganese would not so oxidize. It remainsi 
therefore, for a process to be developed to recover the manganese from 
the open-hearth slag, thereby pointing a way in this direction. 

Beneficiating experiments along mechanical lines on the Cuyuna 
manganiferous iron ores in the hope of increasing the manganese, and at 
the same time the iron, by removal of the silica, have to date been unsuc- 
cessful. The silica, in the form of iron and manganese silicates, is so 
intimately and chemically associated that the problem is extremely 
difficult. But this does not end the possibilities of concentration. The 
spread between the costs of beneficiation and the value of the concentrate 
has been based on the selling price of iron ore. A chemical or combina- 
tion of chemical and mechanical methods may be profitable when the 
product is projected into the manganese-ore class. Such treatment of 
the ores would be in the endeavor to create new manganese ores and 
thereby conserve the raw materials necessary for ferro and spiegel. 
When the partial conservation of manganese can be acquired by using 
ores as they stand and at the same time make manganese available at a 
lower cost, beneficiation is not imperative. 

Cuyuna ores are produced from a well-established mim'ng district 
with developed extraction methods, transportation and dockage facilities 
and with as low freight rates to eastern consuming centers as the iron ores 
from the Lake Superior region. Well-organized and stable mining 
companies with long experience in iron mining have now entered the field 
and can supply manganese in large amounts at low cost to consumers 
needing or desiring this metal. 

Metallurgical developments will open new uses for such ores, of 
which the supply is ample. The ultimate consumer who must gain or 
lose by any sufficiency or stringency can be assured that both ends are 
working — sometimes harmoniously, sometimes in spite of each other — 
toward conservation of our meager resources of manganese ore by wider 
utilization of these manganiferous iron ores. 

DISCUSSION 

T. L. Joseph,* Minneapolis, Minn. — I agree with the author as to the 
benefits derived from the use of manganiferous ores, but in view of our 
limited resources, I question whether this will prove the most efficient 
way of using the small amount of manganese reserves. In the blast 
furnace the benefits derived from manganese are due to indirect causes, 
it acts as a sort of medicine and helps to get rid of sulfur. In the open 
hearth, it cuts down the time of the heat and is beneficial in several ways. 


* Metallurgist, Bureau of Mines. 
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However, there is a possibility of working out a means of concentrating 
the manganiferous ores in such a way that it will be possible to produce, 
perhaps, a low-grade ferro. There are certain low-grade ores on the Cuy- 
una, which perhaps could never be used to produce spiegel or ferro. 
These could be used according to present methods. 

Joseph W. Richards, a number of years ago, suggested using these 
low-grade ores in the production of ferromanganese by running them 
through the blast furnace, slagging off as much of the manganese as 
possible, then putting this slag through a blast furnace using it as an 
artificial ore to produce an alloy approximating ferromanganese. At the 
Minneapolis station, we have been working on this problem and have 
succeeded, in a preliminary way at least, in separating the iron and 
manganese, recovering the manganese in the form of a slag that contains 
iron and manganese in such a ratio that it could be used to produce 
ferromanganese; of course most of the iron is recovered in the form of 
steel. I think the manganiferous iron ores of the Cuyuna will have a 
greater potential value if this line of development can be worked out. 

J. Wilbur Van Evera,* Crosby, Minn. — The statement that there 
is a great deal of high-silica manganiferous ore on the Cuyuna Range that 
will probably be beneficiated may be questioned. As a general proposi- 
tion, the siliceous manganiferous ores do not present as simple a problem 
in concentration as do the iron ores. 

In 1923, the latest year for which we have complete statistics, there 
was shipped from the Lake Superior district a little over 2,000,000 tons 
of manganiferous ore averaging 6 per cent, natural silica, and a little 
over 1,000,000 tons of ore averaging 29 per cent, natural silica. The total 
shipment for that year averaged 7.32 per cent, natural silica. The low- 
silica iron ore and the low-silica manganiferous ore shipped were able to 
absorb over 1,000,000 tons of very high-silica ore. 

These siliceous and these manganiferous ores are generally used as 
medicine in the blast furnace. It is desirable to have them separate, 
because of the greater flexibility in charging; but considerable of the 
manganese and the silica could be taken together. 

The fight to reduce the silica in all ores that go into a blast furnace 
will be never ending, but the cost of separating silica from the high-silica 
manganiferous Cuyima ores will be greater than the furnaces will be 
willing to pay, and after the exhaustion of the present supply of low- 
silica manganiferous ores, the furnace will take a large part of its 
siliceous and manganiferous ores together, in the form of siliceous 
manganiferous ore. 

C. P. PERiN,t New York, N. Y . — We are now dependent on India 
and Brazil for our manganese. In the British Empire, the principle is 

* Manager, Hillcrest Mining Co., Gordon Mining Co. 
t Consulting Engineer. 
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growing daily to limit the use of their materials in other countries; and 
we are going to pay dearly for any manganese that comes from India. A 
contract with the Soviet Government is not worth anything; and in case 
of war between Russia and any other country, which would lead to 
the blocking of the Black Sea, no ore would come from that source. The 
recently discovered deposits in Mesopotamia are without transportation 
facilities; besides, they would come under the plan of the British Empire 
to retain the raw materials it possesses. We have got to look to some 
place like the Cuyuna range for our future manganese supply. 

T. T. Read,* Washington, D. C. — The point has been raised in some 
of this discussion that the use of manganese ores in the blast furnace is 
uneconomic; that with our limited supplies of manganese it should be 
reserved for use in the open hearth. The Lake Superior district iron 
ores are running as high in silica as the blast furnace requires I believe and 
the problem for the future is how to use high-silica ore without running 
the pig-iron cost too high. Using more fuel to melt more slag in a blast 
furnace produces a vicious circle because using more coke to melt that 
slag brings in more sulfur and you must add more silica to make more 
slag to take care of the sulfur. There are some instances where siliceous 
additions are needed for a blast-furnace burden, but the average blast 
furnace in America is well supplied with silica. 

L. E. IvEs,t Cleveland, Ohio (written discussion). — The writer does 
not agree with the statements concerning the price at which these ores 
might be sold. The cost of producing manganiferous ore is generally 
higher than the cost of producing the usual standard iron ores of the 
Lake Superior district. In the first place, the actual cost per ton is 
generally due to physical conditions, which involve higher exploration 
costs, higher stripping ratio, and more lean ore to be removed, as well 
as considerable rock excavation required in benching down the steeply 
inclined sides of the open pits and, for underground ore, higher costs 
due to narrower and more irregular lenses of minable ore, and more or 
less selective mining. In addition, the combined metallic content of 
manganiferous ore is substantially less than the average iron ores pro- 
duced in the Lake Superior district. So that based solely on the cost of 
production, manganiferous ore should sell at a higher price per unit of 
metallic content than straight iron ores; the benefits derived from the 
use of these manganiferous iron ores, however, amply justifies the slight 
additional cost. The statement that malleable and foundry irons have 
such low-manganese specifications that the use of manganiferous ores is 
eliminated, is hardly true. Some foundry-iron specifications call for 
quite high manganese and the tendency is toward the use of foundry 
iron containing higher manganese. 

* Safety Service Director, Bureau of Mines. 

t Sales Manager, Clement Quinn Co, 
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The paper diums that present developed reserves of manganiferous ore 
are sufficient to supply the iron and steel industry for 20 years, assuming 
that the rate of consumption will continue to be the same. It does not 
seem likely that the rate of iron and steel production will continue the 
same for the next 20 years; from past records we should expect a sub- 
stantial increase in production, even if the rate of increase should be very 
much less than it has been for the past decade. Besides, the rate of 
increase in the consumption of manganiferous ore has been substantial 
in the past few years, with nothing in sight at the present time to indicate 
any decrease in this rate. The present developed reserves, therefore, are 
not sufficient to last twenty years, but exploration will be necessary in 
order to develop the reserves that the industry should have. 

The paper seems to give the impression that the use of manganiferous 
ores by blast furnaces is not firmly established. This is not the case. The 
practice of using manganiferous ores at the blast furnaces is well estab- 
lished, wd there are comparatively few steelworks, at least, that are not 
already using such ores quite extensively. 

The statement that manganese is the only desulfurizing, deoxidizing, 
and conditioning agent now known that can be profitably used, is not 
exactly true; aluminum, titanium, and vanadium are used for some of 
the conditions he mentions a little further on. Manganese, however, is 
generally recognized as the cheapest addition. The point is brought up 
that when present in a sufficient amount within the furnace, manganese 
will readily combine with the greater part of any sulfur which is present 
within reasonable limits to form manganese sulfide, much of which 
goes into the slag, while the balance oxidizes either in the furnace or 
in the ladle. How can manganese oxidize in a blast furnace in which 
the process is distinctly a reducing one? 

An open-hearth authority in the Middle West, who has conducted 
numerous and lengthy experiments in the use of high-manganese iron in 
the open4iearth furnace, has determined that a manganese content 
between 1 and 2 per cent., in the basic iron, will increase the open-hearth 
production at the rate of approximately 1 per cent, for each 25 points of 
manganese in the iron. In other words, if with 1 per cent, manganese, 
the open-hearth production is 100 per cent.; with 1.25 per cent, man- 
ganese, the production will be 101 per cent.; and with 2 per cent, 
manganese, the production will be 104 per cent. It is not thought worth 
while to have the manganese run higher than 2 per cent., although man- 
ganese somewhat higher obtained at no expense would have no effect in 
the ordinary open-hearth practice. The increase in the open-hearth 
production is due to the fact that basic iron made with a relatively high 
manganese is in a more refined condition when delivered to the open- 
hearth furnace and, on account of the influence of the manganese on the 
sulfur of the steel the delay in the finishing period of the open-hearth 
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heat is avoided, or at least diminished. These figures are based on the 
average blast-furnace and open-hearth conditions. If the blast-furnace 
conditions are very ununiform and the fuel used in the open hearth is of 
more than the average sulfur content, the higher manganese in the iron 
will have a greater influence; and the reverse is true where the blast- 
furnace and fuel conditions are better than the average. 

At a very large plant in the Middle West it has been demonstrated 
that high manganese in basic iron produces better open-hearth steel. 
Careful records have been kept in the manufacture of over 4000 open- 
hearth heats. The improvement in the steel is in both the chemical 
and the physical properties. Whereas the sulfur in the steel averaged 
0.041 per cent, with iron of 1.15 per cent, manganese, the sulfur decreased 
to approximately 0.032 when using iron with 1.90 per cent, manganese. 
Neither do the plate-mill preliminary rejections tell the complete story; all 
the steel made with high-manganese iron is much more ductile and of 
superior quality in every way compared with that made with lower 
manganese iron. 

It is of considerable economic interest, also, to note that the use of 
such high-manganese iron in the open-hearth process decreased the con- 
sumption of ferromanganese necessary to obtain the specified manganese 
in the finished steel. It has been found that with an iron containing 
1.25 per cent, manganese, the residual manganese in the bath was 0.05 
per cent.; with 1.75 per cent, manganese in the iron, the residual man- 
ganese is increased to 0.22 per cent.; and with 2.25 per cent, manganese 
in the iron, it became 0.27 per cent. It is therefore evident that to obtain 
0.45 per cent, manganese in the finished steel, 60 per cent, more ferro- 
manganese is necessary with 1.25 per cent, manganese in. the iron, than 
with 2.25 per cent. 
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STEEL IIAEINQ IN ALABAMA 


Steel ^Making in Alabama 

By James Bowron/ Birmingham, Ala. 

(Birmingham Meeting, October, 1924) 

Considering the importance of the steel trade and the strategic 
position occupied in it by the Birmingham district, it may be surprising 
to many to learn that the first pig iron smelted with coke was made in 
Alabama on Feb. 28, 1876, although merchant pig iron had been pro- 
duced in Rockwood, Tenn., in 1867 — a plant that is still in operation 

The heavy deposit of Clinton ore, extending from Pennsylvania into 
Alabama, varies greatly in accessibility, on account of geological changes 
such as erosion or anticlinal upthrow; it varies equally as much in thick- 
ness and in quality. The brown ores extensively scattered through 
the South also vary materially in quality — some are relatively low in 
phosphorus and high in manganese, and vice versa. The red ore varies 
materially in phosphorus, but the iron produced from this ore was always 
considered too high in phosphorus for treatment by the acid bessemer or 
open-hearth process and did not contain sufficient phosphorus for the 
basic bessemer process. Under these conditions there remained only the 
basic open hearth as a possible process; and for many years it appeared 
impossible to use this, because, with coke smelted iron, the silicon was 
too high to permit its use in basic lined furnaces. 

Various attempts were made, from time to time, to produce a low- 
silicon iron, by carrying high lime burdens together with harder blowing, 
but the blast furnaces of the South were not equipped with the blowing 
power of today and from 33^ to 5-lb. pressure was the normal working 
condition. The result of these experiments, therefore, was that a fur- 
nace would get a lime set or be hastily changed to avoid scaffolding, and 
engineers and superintendents were careful not to renew the experiments. 
After the development of the beds of dolomitic stone in East Birmingham, 
the carrying of sufficient lime to bring down the silicon in the blast fur- 
nace to the permissible open-hearth limit was successfully done at the 
Alice furnace in Birmingham, commencing July 22, 1895. In a very 
short time the entire output of that furnace was being sold to different 
Northern steel manufacturers, with a guarantee that silicon and phos- 
phorus should run below 1 per cent. 


* Chairman of the Board of Directors of the Gulf States Steel Co. 
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It is not to be supposed that the iron makers of the South had been 
vegetating in the meantime or content to be shut out from the manu- 
facture of steel. To the writer's knowledge, there were at least twenty- 
one different efforts to make steel, in either Tennessee or Alabama, within 
the last half century; all resulted in laboratory success, but commercial 
failure. The Roane Iron Co. attempted to make bessemer steel, in 
Chattanooga, by bringing ore from North Carolina. That orebody was 
thin and the expense of mining and the freight to Chattanooga were too 
high to permit successful operation; besides some parts of that or of 
other ore used as a mixture were so high in phosphorus that rails broke 
when being thrown from the car during unloading. The experiment 
was not successful commercially and the plant was broken up and sold, 
but before this took place another experiment was tried there of much 
greater importance that lead to permanent results. 

Fibst Successful Steel Made in 1890 

The Southern Iron Co., aided by oflScials of the Tennessee Coal, Iron 
& Railroad Co., manufactured a most excellent quality of steel in the year 
1890 from 800 tons of iron made for them by the Tennessee Coal, Iron & 
Railroad Co. at South Pittsburgh. This iron contained less than 1 per 
cent, silicon, and 0.6 per cent, sulfur, and about 1.4 per cent, phosphorous. 
The steel bars produced were bent, hammered, and twisted cold, giving 
remarkable results. This steel was made by Mr. Talbot, who at that 
time developed the Talbot continuous process, afterwards so extensively 
used at the Pencoyd Works of Messrs. Roberts, now the plant of the 
American Bridge Co., and which has become one of the established 
methods of producing steel, but has not since been used in the South. 

In Birmingham, experiments on a small scale had been made by the 
Henderson Steel Co., using fluorspar as a flux; later the Tennessee Coal, 
Iron & Railroad Co. leased, the plant then standing idle, and conducted 
experiments with Birmingham pig. The results obtained were suffi- 
ciently satisfactory to insure that successful operation was only a question 
of providing the necessary equipment on a sufficiently large scale and 
experienced management. 

No one in the South engaged in the iron trade at that time had any 
money to spare. The iron producers sold their pig iron at a little more, 
and sometimes a little less, than the cost of production, to consumers in 
every part of the United States, and indeed to practically every foreign 
country where pig iron was used. The richest and most accessible ores 
and best coking coals were being used up and plants were being worn out 
with no provision for amortization of their costs and the industry was 
slowly losing out — or under the best conditions, marking time. There 
was nothing to warrant northern capitalists in putting money into the 
South for the production of steel. 
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The Birmingham Rolling Mill Co. undertook to produce steel by the 
basic open hearth on what it deemed a commercial scale, but which was 
not. On July 24, 1897, the first cast was made of bottom poured ingots 
weighing about 1400 lb. each. The furnace had been constructed largely 
as the result of a contribution of about $76,000 by public-spirited citizens 
of the city. The proposition was nothing more than experimental and 
the company failed in 1899. 

Before that occurred, however, M. H. Smith, president of the Louis- 
ville & Nashville Railroad, tried to have the Tennessee Coal, Iron & 
Railroad Co. begin the manufacture of steel on an adequate scale. The 
country at that time was industrially paralyzed by the sequence of the 
free silver panic of 1893, the Debs railroad strike and coal miners' strike 
concurrently in 1894, the Venezuela-British war scare of 1895, the 
renewed free silver panic of 1896, and the shadow of the impending 
Spanish-American war of 1897-8. The operations of the district were 
almost stopped for lack of outlet for the pig iron, a semblance of activity 
only being preserved by the development of foreign trade which in the 
course of a single year grew to nearly 200,000 tons per annum — pig iron 
being shipped cheaply from southern cotton ports as ballast in cotton 
steamers to Europe. Under these conditions President Smith stated 
that the district was practically ‘^broke" and that the only salvation was the 
production of steel on a large scale to give an outlet for the pig iron. 
This plea was rejected by the Executive Committee of the Tennessee 
Coal, Iron & Railroad Co. on the ground that no money was available 
for such a purpose; but the officers were authorized to subscribe $100,000 
to the Birmingham RolUng Mill Co., payable over one year in pig iron 
and coal, and to contract with them that for a period of the years the 
company would itself not embark in steel as a competitor. But at 
its next meeting, the Executive Committee rescinded its action and 
instructed its officers to build the works and find the money for that 
purpose. The officers, first, made personal subscriptions for this purpose, 
then raised a similar amount from the citizens, and then hadtheLouisviUe 
& Nashville and Southern Railroads furnish an equal sum. This plan 
worked out well. It was examined and highly approved by Wellman, 
Seaver & Co. of Cleveland, Ohio, and their plans, in turn, were checked 
by Mr. Hunt of Chicago; the solicitation of funds among the directors 
of the Tennessee Coal, Iron & Railroad Co. was then begun. It was 
the writer's task to show them, one by one, that as the company was 
then producing on a large scale basic pig iron used by such companies as 
Carnegie Steel Co., Illinois Steel Co., and others, the same steel could be 
produced in Birmingham if similar furnaces were built and similar men 
were employed to handle them, and the freight on the pig iron to Pitts- 
burgh or Chicago and the freight on the resultant product back to 
Birmingham would be saved to the railroads and other customers. The 

▼OL. LZZI. — ^26 
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money was raised and the works were started on the scale of 300 tons 
per day, producing 18 by 20-in. ingots. 

Simultaneously with the construction of the plant, which was located 
at Ensley, Chicago interests were induced to build a rod and wire mill on 
abutting ground given for the purpose, the billets being carried over by 
conveyor from the Tennessee company's blooming mill to the rod mill. 
Accustomed to Chicago practice based on bessemer billets, the Alabama 
Steel & Wire Co. management had considerable difficulty in using the 
softer Birmingham product and after a while undertook to make its own 
steel at Alabama City, then a suburb of Gadsden, Ala. It built a plant 
there, which was unsuitably placed with reference to the supply of raw 
material and to the point of consumption. The company absorbed, by 
successive mergers, various other properties, which were heavily mort- 
gaged, widely separated, and had too many interplant freights for the 
enterprise to be remunerative; it failed in 1907. In 1909, the company 
was reorganized and the rod and wire mill was removed from Ensley to 
Gadsden and largely improved, but sufficient capital was not provided to 
balance the plant or to furnish it with an adequate supply of raw materials ; 
besides, it was still handicapped by the scattered condition of its proper- 
ties. It failed again in 1912, after which a concern representing the 
bond-holders formed a new company, known as the Gulf States Steel Co. 
This company acquired the steel works and such other property as was 
considered desirable, relinquished much of the scattered and mortgaged 
holdings, and started afresh with modest capitalization. It was free 
from bonded debt, the holders having accepted stock for their bonds and 
had assessed themselves for fresh money with which to furnish an ade- 
quate ore supply at Shannon. 

This mine represented a new departure in the Birmingham district. 
It involved a slope at a pitch of 50®, double-tracked, intersecting the ore 
at a linear depth of 2480 ft. and a vertical depth of 1905 ft. This was 
driven under much difficulty, as some mining engineers thought that the 
influx of water at very great hydraulic pressure would menace the mining 
operations. This danger, however, proved to be non-existent. On the 
contrary the mine was very dry, but the moisture of the air, attacking 
the shales, decrepitated both roof and sides to such an extent that it was 
necessary when the slope was nearly finished to begin at the top and 
widen and raise the section so that the slope could be lined with concrete — 
not to keep moisture in the strata, but to keep it out. This was success- 
fully accomplished and 150,000,000 tons of nearly self-fluxing ore is now 
rendered available. That company has confined itself to the production 
of wire and its various products and to merchant bars. It added by- 
product ovens in accordance with modem practices, and is solidly 
established in business, pays a reasonable dividend and is operating 
free from debt. 
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After the withdrawal of the Alabama Steel & Wire Co., the Tennessee 
Coal, Iron & Railroad Co. was practically without a customer. Find- 
ing it impossible to pay the freight to northern markets and successfully 
compete there in the sale of billets, it completed its rail mill and devel- 
oped at the outset a successful quality of rails — ^to the satisfaction of the 
various companies running into the district. 

In 1907, the panic found that the control of the company was repre- 
sented by large amounts of its stock pledged as collateral by various 
parties, in the hands of the Trust Company of America, which also held 
control of the stock of the Central Railroad of Georgia. Because of the 
condition of the financial interests of the country at the height of the 
panic, a conference was held in New York and arrangements were made for 
the sale of the railroad stock to the Illinois Central R. R., and of the control 
of the Tennessee Coal, Iron & Railroad Co., to the United States Steel 
Corpn. ; the funds thus obtained were sufficient to stop the run upon the 
trust company and the panic was stopped. This transaction, so far as it 
related to the control of the Tennessee Coal, Iron & Railroad Co., was 
later attacked by the United States Government as tending to establish a 
monopoly, and a suit for dissolution of the company ensued. Decided 
unanimously in favor of the company by four Federal judges, the decision 
was appealed by the Government and for several years, while the litiga- 
tion continued, it was impossible for any new developments to be made. 
After the right of the United States Steel Corpn. to own the property was 
finally settled, capital for successive developments was liberally supplied. 

The works constructed in 1898 to 1900 were largely dismantled and 
rebuilt on a larger scale. The pig-and-scrap method was replaced by the 
duplex process, by which tiie metalloids are largely removed in a few min- 
utes in a bessemer converter and the remainder eliminated in the open 
hearth in one-half the time otherwise required, thus enabling a very large 
tonnage production. The company has gone, step by step, in the 
development of the works rehabilitating the bessemer rolling mill, . for the 
production of plates and bars, and more recently constructing mills at 
Fairfield, for the production of structural steel, plates and reinforcing 
bars, over 200 ft. in length. The byproduct ovens constructed in 1898, 
by the Semet-Solvay Co. have been superseded by extensive plants of 
Koppers’ ovens. The various mining camps have been made model 
villages, with houses, commissaries, medical and sanitary arrangements 
fully in keeping with the best practices anywhere; the hospital at Fair- 
field, costing over one million dollars, is doubtless the largest and finest 
in the Southern States today. 

When the United States entered the World War, in 1917, the great 
need of ships caused the United States Steel Corpn. to construct a new 
shipyard at Mobile. Of the steamers constructed at Mobile, many are 
now in regular service all around the world; some of them constructed 
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entirely of Alabama material and canying cargoes of Birmingham rails, 
sulfate of ammonia or other products of the Tennessee Coal, Iron & Rail- 
road Co., go frequently to Japan or China; while others, going to Brazil 
with similar products bring back cargoes of manganese ore from the 
United States Steel Corpn.’s property there to be manufactured into 
ferromanganese by the Tennessee company. 

After the te rmin ation of the war, when it became apparent that there 
was a surplus of vessels, the shipbuilding yard was dismantled and much 
of the plant removed to Fairfield, another suburb of Birmingham, where 
it is now in active operation producing steel cars for the company’s own 
use and for the railroads running into the district. 

The company has also, more recently, undertaken the construction of 
an overhead railway to bring its own materials from its mines, only 6 
miles distant, to the blast furnaces, either now existing or those projected 
in the not distant future, thus eliminating payment of railroad freight. 
At the point where this railroad terminates at Fairfield, the company is 
constructing an additional open-hearth plant of stationary furnaces, 
where it will consume its own production of scrap. At the same point, 
it is also building a plant for the production of sheets, which have not 
been produced anywhere south of theJVIason and Dixon line. 

In the immediate neighborhood is also located the extensive rod and 
wire mill plant of the American Steel & Wire Co., supphed with billets 
from the Ensley mill. 

The establishment on a large scale of these operations has in every 
way justified the early dreams of those who hazarded their time, their 
money, and their reputation in efforts which, where they failed, failed 
only because of the inadequate scale on which they were attempted. 

The failures referred to, including the establishment of a blast-furnace 
and open-hearth plant at Fort Payne with a totally inadequate supply of 
raw materials, are all accounted for either in that way or by lack of 
capital, involving experimentation on a scale so small as to preclude any 
economic success. Every well-balanced and adequately capitalized 
scheme undertaken has been successful and has enabled a supply of billets 
to be furnished to other concerns, such as the Atlanta Steel Co., maker of 
hoops and bands, which later changed its name to the Atlantic Steel Co., 
adding open-hearth furnaces and becoming a buyer of basic pig iron instead 
of billets and now producing, in addition to hoops and bands, bars and wire 
products. The Connors Steel Co. similarly has developed a successful 
establishment, producing hoops and bands and cotton ties from purdiased 
billets; and the way is now open for many smaller and subsidiary con- 
cerns to come and locate in the district, deriving their supply of materials 
from existing sources. 
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Brief History of Metallurgical Practice in Cannon-making 
with Particular Reference to the Cast-iron Gun 

Bt Job Goostbat,* R. F. HABBiNGTON,t and M. a. HosMBR,t South Boston, Mass. 

(New York Meeting, February, 1925) 

In this paper, as in so many discussions of an historical nature, there 
is little chance for original material and much has had to be rewritten 
from older papers, documents, accounts, reports, and the like, some of 
which are of doubtful authorship or contain conflicting statistics. Fully 
aware of these pitfalls, the authors have tried to quote the origin where 
possible, and also to seek further confirmation when the statement war- 
ranted it, but they cannot assume responsibility for certain facts and 
dates. The Encyclopedia Britannica was frequently consulted. 

The authors wish to acknowledge assistance from Mackintosh-Hemp- 
hill Co. (formerly the Fort Pitt Works) and also from oflScials of the 
Watertown Arsenal who loaned valuable books and gave much necessary 
information. They are particularly indebted to Colonel Dickson of that 
institution. The data on modem guns were furnished by Mr. F. Brauer 
of the Watertown Arsenal; Mr. H. S. Chaffee assisted by obtaining 
records and data of work carried on by the Builders' Iron Foimdry of 
Providence, R. I. 

Thbee Epochs in History op Cannon 

Among the great industries of New England, the manufacture of 
iron was the first to receive attention. Iron ore in considerable quantities 
was known to exist within the territory of the Massachusetts Bay Colony; 
and as early as 1629 some steps appear to have been taken toward the 
manufacture of iron by the Court of Assistants in London, under whose 
patronage the colony was founded. During the next ten years, deposits 
of bog ore were found in numerous ponds in the Plymouth Colony; and, 
in 1652, iron manufacture was begun at Raynham. The ‘'Old Colony" 
was known as the main seat of this industry in New England, out of 
which grew a concern which was later to become one of the principal 

* Foundry Superintendent (Retired), Hunt-Spiller Mfg. Corpn. 

t Metallurgist, Hunt-Spiller Mfg. Corpn. 

X Chemist, Metallurgical D^., Hunt-Spiller Mfg. Corpn. 
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manufacturers of cannon for the United States Government, The South 
Boston Iron CJompany.^ 

It is possible to trace a few of the steps whereby New England’s part 
in the ordnance manufacture came about, and to show what part this 
industry has played in history. It is not the purpose of this paper to 
delve into a detailed history of gun manufacture. A little review of the 
progress of guns through the several ages is, however, interesting, and 
perhaps will serve to connect, in a way, primitive methods of destruction 
with medieval and modern industry. 

Ever since organized warfare played any part in history, we learn of 
mechanical appliances for throwing projectiles, and “engines invented by 
cunning men to shoot arrows and great stones” are mentioned in the Old 
Testament. However, the history of the gun or cannon, as we think of it 
today, is properly divided into three epochs. 

The first epoch was from 1313 to 1520, when a material resembling 
gunpowder was used for propelling the shot, which was nothing but a 
stone. Although the manufacture of bronze was well advanced at this 
time, most of the large-sized guns were made of wrought iron, as it was 
a cheaper material. The second epoch, from 1520 to 1854, in which the 
propelled material was made from cast iron and the cannon were of bronze 
or of cast iron, passed with very little actual progress. The third epoch, 
from 1854 to the present time, is marked by tremendous progress. The 
round cast-iron ball has given way to elongated projectiles of steel, and 
the era of rifled guns practically dates from the beginning of this epoch. 

The actual date and place of the making of the first cannon is a subject 
of much controversy and research. However, “the earliest known repre- 
sentation of a gun in England is contained in an illuminated manuscript . 
De Offidis Regum at Christ Church, Oxford, of the time of Edward II 
(1326). This clearly shows a knight in armor fixing a short primitive 
weapon shaped something like a vase and loaded with an incendiary 
arrow. This type of gun was a muzzle loader with a vent channel at the 
breech end. . . . These fire arrows were evidently very small, as only 
2 lb. of gunpowder was provided for firing 48 arrows, or about J4o oz. for 
each charge.”* 

Two guns left by the English after the siege of Mont St. Michel in 
Normandy, in 1423, were made of wrought iron and the larger had a 
bore of 19-in. diameter. Bronze guns made of two pieces screwed 
together and weighing about 18^ tons were known to be cast at Con- 
stantinople in 1468. The front portion of these guns had a caliber of 25 
in. and was made for stone shot weighing about 675 lb. These were used 
later against Sir John Duckworth’s squadron when the Dardanelles, were 


^The present Hunt-Spiller Mfg. Corpn. of South Boston. 

* Ordnance, History and Construction. Encyclopedia BrUannica, 
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forced; in this engagement six men-of-var were damaged and about one 
hundred twenty-six men were killed or wounded. 

During the sixteenth century, with the introduction of iron projectiles, 
which enabled the use of smaller caliber, bronze guns were greatly 
favored. They were first cast in England in 1521 and iron cannon 
were first cast there about 1540, foundrymen from other countries 
going to England to teach the art. Dr. Richard Moldenke says* that 
a certain Thomas Johnson is mentioned as having cast forty-two 3-ton 
“great pieces of ordnance for the Earl of Cumberland, in 1595” . . . 
and at the time of Queen Elizabeth, England actually exported guns to 
the Continent. The bronze guns at that time, although smaller, were 
very long; particular mention is made of one at Utrecht in 1544, which 
was presented by Charles V to Henry VIII; it was 24}^ ft. over all in 
length, and the caliber was only 4.75 inches. 

Up to about the first of the eighteenth century, guns were cast hollow, 
and there appears to have been no attempt at standardization or classi- 
fication; but about 1739, when the boring of guns from the solid was 
introduced by Moritz of Geneva, uniformity of caliber naturally followed. 
During the eighteenth century, however, little change was made in prin- 
ciples of construction. Guns were made smaller and were strengthened, 
and much progress was made in standardization and methods of manu- 
facture of gunpowder. In the earlier periods, the explosive was often 
mixed on the fields; it burned slowly, and was never dependable. 

During the first part of the nineteenth century, there was great 
progress in metallurgical science, but cast iron was the only metal con- 
sidered suitable for large guns, while bronze was used largely for field 
guns. Steel guns were attempted but, as there was no way of forging 
large quantities of steel, the metal had to be welded in order to obtain 
sufficient material for one gun. The art of welding had not been learned, 
hence steel guns were apt to fly to pieces suddenly and were considered 
too treacherous to use. We leani from some of the investigations of old 
guns, especially in coimection with these earlier steel models, that their 
failure was probably due to lack of knowledge in gun designing rather 
than to poor material. 

However, a certain Peter Townsend of Noble, Townsend & Co.* is 
said to have produced in 1776 the first steel made in the province of New 
York, at first from pig and afterward from iron in the German manner. 
His son, the second Peter Townsend, was supposed to have made in 1810 
the first blister steel produced in the state of New York. The latter did 
much to improve the manufacturing of his day and made early use of 
anthracite in the blast furnace. 

*R. Moldenke: “I^eiples of Iron Founding,” 6, let Ed. McGrsw-Blll Book C!o., 
Now York, 1917. 

E. C. Ereutsberg: Orange County Iron making. Iron Tr. Rev. (1924) 76, 169. 
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EaBIiT Amebican Foundbies 

The Sterling Iron Works in Orange County, New York, was promi- 
nently conDected with iron manufacture during and immediately follow- 
ing the Revolutionary War. The anchors for the first United States 
ships of war were made there, including those of the U. S. Frigate Con- 
stitution. Perhaps its greatest achievement was the great chain which 
was stretched across the Hudson River to prevent British ships from 
getting up to Albany and thence within easy communication with Canada. 

AnotW plant of some importance was the Orange foundry at Arden, 
operated by Cunningham Bros. During the War of 1812, it produced 
cannon balls for the American forces and the Cimninghams were 
permitted to keep twelve men exempt from military service. 

Cyrus Algeb and the South Boston Iron Works 
# 

An important part in the vast metallurgical progress of the nineteenth 
century was played by Cyrus Alger, who was born at Bridgewater, Mass., 
in 1781 and died at Boston in 1866. He followed the trade of his father, 
who was a foundryman. In 1809, he specialized in ordnance work and 
founded Alger’s Foundry in 1810, which was incorporated under the laws 
of Massachusetts in 1827. 

His business at first was that of a general jobbing foundry, but he 
soon began to devise valuable inventions applicable to his trade, among 
which was an improved method of casting chilled iron rolls, by which the 
part^subject to wear was of increased hardness. This was patented in 
1811. He discovered a way of purif 3 dng cast iron, which gave it nearly 
threefold the strength of ordinary iron castings; this discovery proved to 
be of immense value to the manufacturers of cannon and heavy artillery. 
The cannon he made were put to extreme test and rarely failed. During 
the War of 1812 he cast large quantities of canon balls for the government. 

Mr. Alger introduced the use of anthracite for melting iron in the 
vicinity of Boston, and adapted his furnace to its use. (He also devised 
the cylinder stove for the home.) He made a change in the reverbera- 
tory furnace for melting iron; by reversing the incline of he hearth 
he caused the molten metal to flow toward the flame where the heat 
is most intense. 

The new firm incorporated in 1827 as the South Boston Iron Works 
began the manufacture of iron ordnance in 1828. Alger’s method of 
purifying cast iron gave to the company great advantage in making iron 
guns, especially those of large caliber. This process consisted primarily 
of melting the original metal in a reverberatory furnace, known as an 
“air furnace,” allowing the metal to remain in fusion for an extended 
period of time, or casting and remelting until such time as the refining 
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action gave to the metal the desired phyracal properties which were 
measured to a great extent by the increased density obtained. 

In 1834, Alger made the ^t rifled cast-iron gun in the United States 
and durii^ the next year commenced the manufacture of the first malle- 
able iron guns. He later supplied many of these to the government. 
One invention followed another, among them the covering of a fuse hole 
on the inside of the shell with a wafer of lead which had to be taken out 
before the sheU was fired, in order that the surface of the fuse might be 



Fra. 1 . — ^Aloer’s iron fotindrt, from Sottth Boston bridoe. 


exposed, so that it could ignite when it was discharged from the gun. 
He manufactured the first bronze guns for the United States Navy 
heavy artillery and also for the state of Massachusetts. 

In 1842, the Columbiad, then by far the largest gun cast, was turned 
over to the government by the South Boston Iron Works and a report 
to the Ordnance Board of the United States War Department said that 
the cannon furnished by this company afforded the most favorable 
results, and that the quality of the metal was unsurpassed. It was of 
12-in. caliber and had a range of more than two miles. 

Francis Alger succeeded his father and added to the importance of 
tiie company. The younger man was scientifically inclined. He wrote 
a valuable book on mineralogy and had the finest collection of minerals 
in the country, brought from all parts of the world. He was elected a 
member of the American Academy of Arts mid Sciences and received an 
honorary degree ftom Harvard Universily. He was also a member of 
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the Boston Society of Natural History and for several years its curator 
of minerals. Francis Alger Was often called to Washington in the interest 
of his many inventions and of his company, and died there on Nov. 27, 
1863, while engaged in testing shells. 

Cyrus Alger made many inventions and improvements in metallurgi- 
cal science which were valuable to the United States Government and 
were destined to become the basis of the great advance in metallurgy 
which continued throughout the latter part of the century. Admiral 



Fio. 2. — Casting a great cannon at the South Boston Iron Works, 1884. 

Dahlgren once said of Mr. Alger, “He possessed that rare quality, sagac- 
ity, which constitutes in truth the highest attribute of the intellectual 
man, and enabled him to arrive at results which others sought by disci- 
plined study, and often in vain.” His process whereby irons of different 
analyses were put into the furnace charge and treated in the furnace, the 
resulting iron being cast in pigs and known as remelt iron, is familiar to 
all foundrymen of today. 

In a report to the Ordnance Department on Apr. 2, 1844, Major Wade, 
of the United States Army, shows some of Mr. Alger’s work in mulring 
tests on heating the melted iron for different periods of time, which were 
carried out at the Alger plant (South Boston Iron Works). Some of the 
results obtained were as follows: 

Stbbngth, 

Pounds 


First casting made as soon as pig was melted 6506 

Second casting, iron in fusion 1 hr 7316 

Third casting, iron in fusion 2 hr 8256 

Fourth casting, iron in fusion 3 hr 8378 
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This report shows a gradual and positive increase of strength as the 
iron is continued in fusion for longer periods of time. The reports also 
conclude that a high temperature makes for soundness and greater 
strength, and goes on to say that although the transverse strength is 
that most generally measured, when the quality of different metals is 
compared, it is believed that a more accurate measure may be 
found in the tensile strength. Some of these figures are interesting in 
this connection. 

TBNACmr. 

Dbnbitt Pounds 


Guns cast prior to 1841 7 . 148 23,636 

Guns cast ia 1851 7 . 289 37,774 

Samples from lO-in. Columbiad, 1851 7.304 45,970 


The first of the large cannon* of 10, 11, and 12-in. caliber, for the 
United States Government, were cast by order of the government at the 
South Boston Iron Works under direction of Mr. Alger, the latter select- 
ing the iron and using his own process. One of these guns, 11-in. caliber, 
carrying a solid shot of 170 lb. or a shell of 135 lb., was first fired 655 
times with the former projectile, and 1306 times with the latter — an 
enormous endurance of 1959 rounds before it failed; far exceeding any 
other record of the Ordnance Department from this or any other country. 

This process thenceforth was used a great deal for gun castings, and 
hence the metallurgical term “gun-iron” was created. 

Foundbies and Pbocesses, 1840-50 

The foundries casting ordnance between 1840 and 1850, in addition 
to the South Boston Iron Works, were the Fort Pitt Foundry at Pitts- 
burgh, Pa. and the West Point Foundry at Cold Spring, N. Y. These 
foundries were using charcoal iron for gun castings which was obtained 
from the Greenwood Furnace near Cold Spring, N. Y., Franklin Smelt- 
ing Furnace, New Jersey, the Ammenia Furnace and the Richmond 
Furnace, Richmond, Mass. 

The method of casting the guns solid and boring out the interior was 
followed, but the exterior usually became chilled during the cooling proc- 
ess by sudden contact with the mold and was converted into a solid 
crust before the interior had even dropped to the melting temperature. 
Ilie result was that the gun frequently consisted of strata of different 
densities, and although great care had been exercised by the founder it 
was not unusual to find a spongy portion consisting of crystals so loose 
that dark cavities could be seen with the naked eye. A sharp-pointed 
steel chisel could be easily driven into the spongy portion. It was not 
until Lieutenant Rodman devised a most remarkable process that extreme 
endunmoe service was obtained with guns manufactured from cast iron. 

* Guns of 8-, 10-, 15-, 20-m. diameter are technically known by] the Army as 
Colunduads. 
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Rodican’s Pbocess 

Thomas Jefferson Rodman was bom at Salem, Ind., July 30, 1818. 
He was a West Point graduate and served in the Mexican War, but soon 
showed such skill in devising guns and ammunition that he was detailed 
to that work exclusively. 

In 1849 he invented a process of casting hollow cannon by means of 
a core around a tube, or what might be called a core arbor; water was run 
in through a pipe in the inside of the tube to about five or six inches from 
the bottom, the tube having a closed end so that no water could leak 
out. The water circulated during the casting to a side outlet near the 
inlet, a sufficient supply being sent through the tube to keep it cool. 
Hence with the inner portions of the casting cooling and solidif 3 ring first, 
they were compressed and supported by the contraction of the exterior 
when it cooled. The casting was further secured from irregular or exces- 
siv s trains by building a fire aroimd the flask to keep it hot so that as 
uniform cooling as possible would take place. About 24 hr. after casting, 
the arbor was removed and a pipe was put in the bore of the casting that 
was formed by the core and a stream of water was passed through it 
until the casting was cold. 

Most of Rodman’s work was carried out at the arsenals at Pittsburgh, 
Watertown, Mass, and Rock Island, 111. At the last named, he was in 
command from 1865 until his death on June 7, 1871. He rose to the rank 
of Brigadier General by brevet. 

The first guns made by his process were cast at the Fort Pitt Foundry, 
Pittsburgh, on Aug. 4, 1849. They were two 8-in. Columbiads. Some 
of the experimentation connected with the manufacture of these guns and 
also the manner in which they were tested are described in detail by 
Rodman in his reports. The two molds were placed side by side in a 
pit and the iron charged in two air furnaces, each containing 14,000 lb. 
of the same kind of iron. After melting, the liquid iron remained in the 
furnaces one hour exposed to a high heat and was then discharged by 
separate streams into a common reservoir; from the reservoir it issued 
into a single stream, which after proceeding a few feet separated into 
two branches, each leading to a separate mold. Both molds were filled 
at the same time; one was cast solid, and one was cast hollow and cooled 
by the Rodman process. The testing of the guns commenced Sept. 7. 
The one cast solid burst at the 85th fire; the one cast hollow and cooled 
by the Rodman process burst at the 251st fire. The density of the iron 
used was 7.223; the tenacity, 27,488 lb. 

Again, two 8-in. guns were cast on July 30, 1851. The iron was made 
at Greenwood Furnace, New York, and was 36 per cent, of No. 1, 25 per 
cent of No. 2, and 39 per cent, of No. 3. The iron (28,000 lb.) was melted 
in two furnaces; 12,500 lb. in one and 15,500 lb. in the other, nearly three- 
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fourths beiiiig of second fusion, one-fourth third fusion, and the remain- 
der fourth fufflon. After mdting, the liquid iron remained in the furnace 
2H hr. exposed to a high heat and was then discharged by separate 
streams into a common reservoir; at the same time it was withdrawn 
from tile reservoir in a single stream, which, after proceeding a few 
feet, separated into branches leading to separate molds and filled both 
molds at the same time. One of the castings was made solid and cooled 
in the usual manner. The other was cast hollow and cooled by the Rod- 
man process. A fire was kindled in the bottom of the pit directly after 
casting and was continued 60 hr.; the pit was covered and the iron flask 



Fig. 3. — Fort Pitt Works, romiDKD 1803 as thr PirrsBURGH Foundry. It cast 

THR ITRST GUNS BT TBR RODHAN PBOCRSS IN 1849. 

containing the mold was kept at as high a temperatiu’e as it would 
safely bear. 

The testing of these guns commenced Aug. 28, and continued until 
Oct. 22. The one cast solid burst at the 73d fire and the one cast hollow 
burst in the 1500th fire. The density of the iron used was 7.287; the 
tenacity, 37,811 lb. 

Again two 10-in. Columbiads were oast on Aug. 21,'^1851. Greenwood 
iron of the same qualities as melted for the 8-in. guns was used. About 
one-ninth consisted of first fusion; five-ninths of second fusion; and one- 
third of third fufflon. It was melted in three air furnaces containing 
12,000, 15,000, and 19,000 lb. — ^in all, 46,0001b. The liquid ironremained 
in fusion 2^ hr. and was discharged from all the furnaces at the same time 
into a common reservoir, from which it issued in a single stream. After 
proceeding a few feet, it separated into two branches, leading to separate 
molds, both filling at the same time. Both molds were placed in the same 
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pit. One of the guns was cast solid and the other was cast hollow and 
cooled by the Rodman process as described above. All the pit outside 
of the molds was filled vrith molding sand and rammed because the iron 
flasks were not large enough to admit the usual amoimt of sand in the 
walls of the mold. 

It was feared that the heat of tiie great mass of iron within would 
penetrate the thin mold and let the iron run out; consequently the exterior 
of the mold of the 10-in. hollow gun, instead of being exposed to the 
heated air while cooling, was surrounded by green sand, which caused a 
more rapid cooling of the exterior surface of the casting. Water was 
passed through the core arbor for 94 hr. at the rate of about 30 gal. per 
min. At the end of the period, an attempt to withdraw the core arbor 
proved unsuccessful; the contraction of the iron aroimd it held it so firmly 
that the upper part broke off, leaving the remainder imbedded in the 
casting. The stream of water was then diminished to 15 gal. per min., 
which continued to circulate through the arbor for 48 hr. 

The testing of these guns was commenced Oct. 7 and ended Oct. 18, 
1851. The one cast solid stood 20 fires; the one cast hollow and cooled 
by the Rodman process stood 249 fires. The density of the iron used was 
7.292; the tenacity, 37,817 lb. 

“It will be seen* that the endurance of the guns cast hollow surpasses 
those cast solid in every case where both were cast in pairs at the same 
time and from the same material, the difference in one case being more 
than twenty to one, and the aggregate of all, more than eleven to one. 
This great difference occurring in every instance where guns were cast 
and tried in pairs could not, it is believed, have been caused by any 
accidental circumstances, for the methods pursued to insure an exact 
equality of material in both guns of each pair and for preserving an exact 
uniformity in the proof of each, seem to forbid the supposition that any 
unknown inequalities could have existed, either in the casting or the prov- 
ing of the guns. The great difference of endurance must therefore be 
ascribed to the different methods by which the castings were cooled, and 
to those above. 

“It will be perceived, also, that in the several pairs cast solid and 
hollow, the actual strength of the iron in each gun of the pair as measured 
by the testing machine remains the same, while the strength of the guns 
in the same pair, as measured by the fires endured, differs greatly. From 
this it appears that the difference in the methods of cooling the casting, 
while greatly augmenting the strength of the gun in one case does not 
impair or affect the strength of the iron. For these and other apparently 
discordant or incongruous results, we must seek an explanation in the laws 
which govern the contraction of iron when cooling. It is known also 

* “Reports of Bxperiments on the Strength and Other Properties of Metals for 
Cannon." Govt. Report, 1856. 
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that the contraction under equal reductions of temperature is different 
in iron of different qualities; soft gray iron, that which contains a high 
proportion of carbon, contracting least; and that which foimders term 
high, which is light and dose grained and contains the least percentage of 
carbon, contracts the most. Other circumstances being equal, the con- 
traction of the same iron is greater or less according to the greater or less 
rapidity with which it is cooled. That which is cooled most rapidly 
contracts most. Every experienced founder is aware of this and 
endeavors so to proportion his patterns that all the parts of the same 
casting may cool equally. 

convenient method for determining the condition of the iron 
while in fusion, and whether it has arrived at the proper condition for 
casting or should be longer in fusion, is found in dipping from the melted 
pool of iron and casting into small bars 10 in. long, 2 in. square at the 
top, down to ^ in. at the bottom in a step form in four sections. They 
are cast open in green sand and allowed to remain in the sand 10 min., 
then taken out and cooled carefully with water, then broken at the dif- 
ferent places and the condition of the iron judged by the several frac- 
tures. These fractures will exhibit various aspects from white at the 
small end to a mottled in the middle, and to a dark gray at the large end; 
and a practiced eye will soon be able to mark the process of the changing 
quality of the iron and to determine the proper time for casting the gun.^' 

The Dahlgben Gun 

Alger made a 12-in. Columbiad in 1842, and subsequently the original 
experiments resulting in the famous Dahlgren shell guns.” Doctor 
Moldenke again tells us^ 'Hhat between the years of 1862 and 1877 alone, 
no less than 272 Rodman guns, of which 103 were of 16-in. caliber and 
weighed about 50,000 lb. apiece, were produced at this establishment.” 

The Dahlgren gun was a gray-iron gun and was designed about 1840. 
It differed from the Rodman gun in that it was cast solid, cooled from 
the outside, and bored out. Both were smooth-bore guns and each was 
named from the officer who designed it — Rodman of the Army and 
Dahlgren of the Navy. W. P. Hxmt tells us® that ^Hhe 11-in. Dahlgren 
gun carried by the Monitor in her fight with the Merriniac and the guns 
of the same type which sunk the Alabama were made at the South 
Boston Works.” 


Earliest 16-inch Guns 

In 1860, Mr. Rodman constructed his huge 15-in. cannon and his 
mammoth powder and cake powder, the last named being quickly 
adopted throughout the world. These devices proved to be of great 

^ R. Moldenke: Op. ci(., 5. 

* Iron Moldera Jnt. (March, 1906). 
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value to the govenunent in the Civil War^ and were widely used in both 
the Army and the Navy. 

During the latter half of 1859, Rodman, who was a captain at that 
time, carried out at the Watertown Arsenal exhaustive experiments to 
determine the proper quality of iron for casting into a 15-in. gun. As a 
result of these experiments it was determined to make the gun from remelt 
Bloomfield iron, and it was cast at the Fort Pitt Foundry (38 tons of iron 
charged) on Dec. 23, 1859. The casting was made entirely by the 
Rodman process and it was the first 15-in. gun made. Water circulated 
through the core arbor at the rate of about 40 gal. per min., entering at 
36® F. and leaving at 60° F. After 24 hr., the core arbor was removed 
and water circulated through the cavity thus left at the rate of 43 gal. 
per min. The time required for cooling was 168 hr. Specimens taken 
from the chase of the gun gave a density of 7.216 and a tenacity of 
34,187 lb. 

When the war broke out in 1861, the South Boston Iron Works was 
called upon to make extensive additions to its plant and to undertake the 
construction of cannon of much larger bore than had then been made. 
A new foundry was built and equipped with three air furnaces, each of 
45 tons capacity, and a large number of 15-in. guns were made, each 
weighing about 50,000 lb. Previous to the war, the ordnance work of 
the government was handled by four foundries — the South Boston Iron 
Works, the West Point Foundry, the Fort Pitt Foundry, and the Tredegar 
Foundry at Richmond, Va. Other foundries were pressed into service 
for the war only, and for the construction of guns of small caliber almost 
exclusively. During the war, the West Point Foundry was devoted to 
the manufacture of the Parrott gun. The government then was largely 
dependent on the South Boston Iron Works and the Fort Pitt Works for its 
heavy ordnance, and the South Boston Iron Works also made large 
quantities of projectiles, rifle guns, and the Schenkl projectile. 

Greenwood Furnace and the Parrott Gun 

The Parrott gun was a gun of the smaller type invented by Robert 
P. Parrott, a former army officer. He was born in 1804 in New Hamp- 
shire and graduated from West Point in 1824, about nineteen years 
before Lieutenant Rodman. He was made a captain in 1836 after having 
fought in the war against the Creek Indians. He was first stationed at 
the West Point Foimdry but in 1839 he and his brother Peter purchased 
the Greenwood Furnace and its ore and woodlands from a Mr. Kemble. 
They experimented there with charcoal pig iron and hooped guns. 

The well-known Greenwood charcoal furnace® ^‘originally was about 
36 ft. high with tuyere arches on each side but none at the back . . . 


* £. G. Kreutzberg: Loc, eU.^ 285. 
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In February, 1839, the bridgehouse and all of the woodwork about the 
furnace, excepting the waterwheel (supplying power for the blast), were 
destroyed by fire. In rebuilding, the height of the stack was raised to 
42 ft. and new blowing machinery was installed. The output thus was 
increased to about 30 tons of iron a week . . . 

*'An interesting feature of the operation of the Greenwood Furnace 
is that it was customary to smelt without any limestone. This was 
because the native ore to a large extent was self-fluxing. The O^Neil 
mine yielded ore which could be used without any limestone whatever. 
The Greenwood Furnace was operated on this ore for a period of two 
years without any limestone . . . 

‘'One of the interesting achievements there was the casting of guns 
for the navy in 1855-56 direct from the blast furnace. 

R. D. A. Parrott, of Flushing, N. Y., in a memoir published a few 
years ago, describes the operation of the furnace as follows:^® “The 
ores were not hauled directly to the furnace, but to a kiln half a mile 
above it, in which they were roasted to drive off the sulphur. After this 
they were put through a stamping mill which reduced the size of lumps 
to that of a pigeon’s egg ... An important branch in the business 
was the cutting annually of 10,000 cords of wood and turning it into 
charcoal.” 

At the outbreak of the Civil War, Robert Parrott presented his first 
hooped gun to the government. This proved to be a very satisfactory 
piece, and large orders were immediately placed, which created a big 
demand for charcoal iron. The Parrott guns began operating at Fort 
Sumter and were continually supplied to the government throughout 
the war. The Parrott gun was described by Mr. Parrott^' as “a hooped 
gun of the simplest kind, composed of one piece of cast iron and one of 
wrought iron. It had no taper, no screw, no successive layers of hoops. 
It was, however, no hasty expedient, but was devised upon the results 
of years of experience and practical trials, and had a definite, and 
consistent plan.” In fact, it was a gray-iron rifle with a wrought-iron 
band to reinforce the breech. 

Both the Army and Navy Departments insisted on charcoal iron made 
by the cold-blast method, and a Lieutenant Walker of the Navy was 
stationed at Greenwood to see that this method was the one used. As 
the men at the furnace were used to the hot blast and desired to run the 
furnaces accordingly, a valve was constructed whereby the air could be 
readily shifted through the heater or not as desired. A foreman later 
related that it was customary to run on hot blasts until “Lieutenant 
Walker was seen coming around a bend in the road, whereupon the valve 
was closed and the furnace put on cold blast. The hot blast was about 
120'’ F., the maximum then obtainable.” 

C. Kreutzberg: Loe. cit., 287. 

Lctdede Christy BuU» (June, 1921). 
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Impboyements in the Bbonze Cannon 

During the period of depression through which ordnance concerns 
had to pass shortly after the war, the Fort Pitt Foundry closed its doors, 
and since the West Point Foundry was adapted for making guns of 
smaller caliber only, the government became more and more dependent 
on the South Boston Iron Co. for heavy ordnance. The master mechanic 
at that plant came forward about this time with a very important im- 
provement in the manufacture of bronze cannon and a patent was granted 
to him in 1869 for his invention. This improvement consisted of a 
method whereby the interior metal of the cannon was made more dense, 
thus increasing its strength and wear. After the piece had been bored 
and rifled, a mandrel of slightly greater diameter than the bore was 
forced in by hydraulic pressure, following which others of increasing size 
were forced into it. This, of course, renders the metal near the bore of 
greater density and consequently of more resistance to abrasion in firing. 
Bronze cannon made by the usual method wear very rapidly, especially 
if rifled. By Dean’s method, however, they become as durable as 
steel guns. 

Post-war Work at South Boston Iron Works 

We learn again from Mr. Hunt’s article in the Iron Holders^ Journal 
that immediately after the Civil War large orders for guns and ordnance 
were received by the South Boston Iron Works for South American 
republics. About 1867, war was declared between Spain and Chile and 
Mr. Hunt, who was an ofl^cial of the South Boston company, says, 
'^We shipped to Chile three 1000-ton cargoes within the period of six 
months; also large shipments to Peru later on, and to Argentine Republic, 
ten 25-ton Rodman guns. Our contract with the Argentine Republic 
was ^free on board at Boston’ and the guns were promptly shipped to 
Buenos Aires. When the captain returned to Boston, we learned that 
the officials there had no means of taking the 25-ton guns from the 
vessel, and to avoid damage they concluded it would be economical to 
pay the captain $60,000 for his vessel and send him home.” 

In 1875, the South Boston Iron Works casta 12-in. steel-lined rifled gxm 
under the patent of Nathan Thompson of Brooklyn, N. Y. It weighed 
80 tons when cast and 45 tons when finished and was breech-loading. 

During 1877, a muzzle-loading cast-iron gun lined with wrought 
iron was made by this company and was the largest gun ever cast up 
to this time. It was rifled and weighed when finished 45 tons. The 
wrought-iron tube weighed 13,000 lb. and the gun itself 77,000 lb. It 
fired a 600-lb. shot. 

YOL. xm. — 27 
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Apparently the next contract given out for cast-iron guns was one 
for two guns of 10-in. caliber, and two of 12-in. caliber, to the South 
Boston Iron Works, in 1880. Owing to the extensive preparations neces- 
sary in the work of casting these guns, they were not completed until 
1884. A detailed description of the casting appeared in Foundry (Janu- 
ary, 1918). The article was written by Job Goostray, assistant to 
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James Wood, who had charge of the work. Mr. Wood was foreman of 
the ordnance-casting department of the South Boston Iron Works. 

The first gun was cast by the Rodman method and when finished was 
25 ft. long and weighed 28 tons. It was taken to the Watertown Arsenal 
to be wound with wire, and was known as a 10-in. wire-wound rifle. 
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The second gun was to be a 12-in. breech-loading rifle to be cast 
breech up. This was ^so cast by the Rodman process and when finished 
weighed 54 tons and was 30 ft. long. A contract was made with a build- 
ing mover to remove the gun from the pit and place it in the lathe for the 
sum of $550. It took the contractor five weeks to accomplish the work. 



Fig. 6. — The 120-ton gun that fell to the bottom op the pit when the flask 

FAILED AN HOUB AFTER CASTING. 

The third gun was also a 12-in. breech-loading rifle and was to be 
cast breech down. It was the heaviest gtm cast in the United States up 
to that time. This was not as successful as the two previous castings, 
for about an hour after being cast, the flask gave way, the iron going to 
the bottom of the pit. As there was approximately 120 tons of iron 
involved in the casting, there was quite a loss represented by the accident. 
The result is shown in Fig. 5. This caused some delay in carrying out 
the work and it was not until October, 1884, that work on the contract 
was resumed. The next gim attempted was one of the hoop and 
tube type. The casting weighed approximately 76 tons and was 
entirely successful. 

Work was again begun during the following month on a 12-in. breech- 
loading rifle similar to the one that caused the trouble before. This was 
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cast successfully but was rejected by the government because of a small 
crack in the interior discovered during tiie machining process, which was 
apparently due to too rapid cooling. Likewise, another gun of this type, 



Fig. 6. — ^Exterior view of casting house, Alger^s foundry. 


cast in August, 1885, proved defective, because of the washing away of the 
coating of the core arbor, which allowed the iron to get into the interior. 



Fig. 7.— Machining a 12-in. bbbbch-loading 54-ton rifle at the South Boston 

Iron Works, 1884. 


During the early part of 1886, a successful casting of this model was 
made, ^e mold was filled in 33 min. and was allowed to cool very 
slowly for several days. After the South Boston Iron Co. had completed 
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this contract, work was started on 30 breech-loading mortar bodies. 
These averaged 18 ft. long, were of 34-in. diameter, and weighed over 
20 tons each. 


Large Guns at Fort Pitt Foundry 

Frequent reference has been made to the large 15-in. guns, and it is 
interesting to note that this caliber is close to the upper limit even on the 
modern gun. The Fort Pitt Foundry, however, did cast at one time two 
20-in. guns, one for the Army and one for the Navy. The former weighed 
116,497 lb. and the latter 100,000 lb. Each cannon fired a 1000-lb. shot. 
Artfllery as large as this did not prove practical, and these guns became 
much more interesting than useful. It is also interesting to note, in 
connection with the large diameters, that the Fort Pitt Foundry also 
made one hundred and fifty 18-in. mortars, which were more in line with 
the abilities of the foundries at that time but were never adopted by the 
government to any great extent. 

Defense Program of United States, 1885 

In May, 1885, there were available for seacoast defense the following 
smooth-bore Rodman guns: two 20-in.; three hundred eighteen 15-in.; 
nine hundred ninety-eight 10-in.; two hundred ten 8-in. In addition, 
there were two hundred ten 10-in. Rodman guns that had been converted 
to 8-in. rifles by the insertion of a steel liner. There were also available 
for the defense at this time thirty-eight 300-lb., eighty-one 200-lb., and 
one hundred seventy-three 100-lb, rifled Parrott guns. A report indicates 
that these Parrott guns were of doubtful strength. 

By act of Congress, Mar. 3, 1885, the President of the United States 
was authorized to appoint a board of which the Secretary of War became 
a member and president. This board was called ‘‘Board on Fortifica- 
tions or other Defenses.'^ The purpose of this board was to examine 
and report the conditions as found to exist at the various forts, fortifica- 
tions, or other defenses, and to determine the character and kind of 
equipment most urgently required and best adapted for each with 
reference to armament, etc. An extensive program was prepared by 
this board, taking in defenses of the whole United States, not only sea- 
board cities but also lake ports. This program recommended appropria- 
tions for the manufacture of 6-, 8-, 10-, 12-, 14-, and 16-in. guns and 10- 
and 12-in. mortars with the carriages, emplacements and accessories. 

In connection with this system of coast defense, a contract for fifty 
12-in. breech-loading rifle mortars, with a cast-iron body, and steel- 
hooped, weighing 14^ tons, was placed with the Builders’ Iron Foundry 
of Providence, R. I., and orders for the finishing and assembling 73 of 
these mortars were likewise placed with that company. 
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“HieBe mortars^* in appearance very closely resemble the steel 
breech-loading rifles made by the United States Navy Department, with 
the exception of their length, which in the rifles is about thirty times the 
diameter of the bore and in the mortars only ten times.” The bodies 
were to be made of charcoal iron and cast breech downward. The out- 
side diameter over the steel hoops, which were shrunk on the bodies in 
two rows, was 42)^ in. A complete description of the casting and speci- 
fications for these mortars is given in the booklet published by the 
Builders’ Iron Foundry. 

The Builders’ Iron Foundry had been prominent during the Civil 
War in ordnance manufacture and had since from time to time received 
important contracts for government work; this comparativdy large con- 
tract for Rodman guns was practically the last order for cast-iron guns. 
There were, of course, many 8-, 10-, 12-, and 16-in. guns to be built in con- 
nection with the recommendations of this “defense board,” and it was at 
this point that the ordnance engineers and experts began to realize the 
limitations of cast iron and consequently began to turn their attention 
to the manufacture of steel guns. This was because the casting of cast- 
iron guns was a matter of trial based upon previous experience and thus 
became more or less of a “rule of thumb” method, while in the case of 
steel it became a matter of an exact science in that the physical properties 
of the steel could be predetermined by calculation. However, in 1885, 
there was no plant in the United States capable of making forgings for 
guns of more than 6-in. caliber. 

Some time previous — 1883 — ^a group of men known as the “Endicott 
Board” was appointed to investigate the gun and steel establishments in 
the United States and abroad. This board recommended that the 
United States Government maintain gun factories capable of turning out 
the largest caliber after the most approved patterns and that private 
firms be encouraged in making steel forgings and material for guns. 
Therefore, in 1886, $4,000,000 was appropriated for a steel-armor, plant 
and $2,128,000 for guns. The Midvale Steel Co. and the Bethlehem 
Steel Works were given contracts for forgings and each undertook the 
manufacture of 100 guns of various calibers, these guns being practically 
all called “model of 1886.” 

Adoption of Allot Steel foe Guns 

It is practically from this date that the aUoy-steel gun came into exist- 
ence in the United States as a means of defense for the coast ports. It 
was to take the place of the cast-iron Dahlgren and Rodman guns which 
heretofore had been the armament of the defenses. 

”“ 13 -lnch Breech-Lostding Rifled Mortars.” Booklet published by Builders’ 
Iron Foundry. 
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Capt. F, E. Hobbs, Ordnance Dept., U. S. Army, made some investi- 
gations of hollow steel forgings that were cooled from the interior during 
the process of manufacture. This was with a view of introducing internal 
stresses, which would be helpful in opposing interior pressure on the cylin- 
der. He also investigated the process of shrinking hoops over cylinders 
or tubes for the purpose of accomplishing these same results. This 
experiment was carried out in 1892 on a tube whose wall thicknesses 
were practically that of a 3.2-in. field gun. A careful examination of the 
guns so manufactured indicated that the initial stresses were properly 
disposed, varying from compression at the bore to extension at 
the interior. 

This forging was given a thorough physical test by cutting off rings 
and specimens. It developed physical characteristics that left no room 
to doubt that initial tension strains of as great intensity as are desirable 
could be produced in a hollow forging. Experiments also indicated that 
if these strains should be more than were required they could be reduced 
by annealing. 


Modern High-power Guns 

All modem high-power guns are made of steel and are composed of 
several parts united to form a whole with the parts so arranged as best 
to support the stresses upon them. Therefore the gun is called either a 
built-up’^ gun or a ‘‘wire-wrapped’’ gun. 

In order to obtain an initial compression of the tube or inner member 
of a built-up or wire-wrapped gun, an exterior pressure is exerted by 
placing over the tube a heated cylinder or hoop whose interior diameter is 
slightly less than the exterior diameter of the tube. When cooling, the 
hoop contracts and if the difference of diameters is properly regulated it 
will produce the required pressure and thus initial compression of the 
tube. The compressing and strengthening of the tube, however, will in 
some measure extend and weaken the hoop shrunk on the outside, but 
this extension or weakening when properly regulated can be supported 
without damage to the structure. In other words, the modem cannon 
is made of concentric cylinders shmnk one upon another, the object of 
this method of constmction being twofold; first, the attainment through- 
out the steel of each cylinder of soundness and uniformity of metal, and 
second, the best results according to the theory of gun constmction. 
The steel employed in the making of guns must be of the highest quality 
and the finest grade. It requires the most expert knowledge of 
steel manufacture. 

The 16-in. 50-caliber gun is the largest and most powerful piece of 
ordnance in the United States at the present moment and with an eleva- 
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tion of about 54° and a powder charge of 850 lb., and a projectile wei^ng 
2340 lb., will have a marimum range of about 31 miles. This is a wire- 
wound gun 70 ft. overall and weighing with breech mecha n i sm and 
recoil band 385,847 lb. The velocity of rotation of the projectUe as it 
leaves the muzzle, due to rifling, is 1620 revolutions per minute. The 
material used in the construction is alloy nickel steel having an elastic 
limit of 65,000 lb. per sq. in. The wire used is Ho in- square, cold-rolled 
alloy steel. It iswound on the gun at astress of 50,000 lb. per square 
inch. 



Fio. 8. — Modern 16-in. 50-caliber rifled oun, firino at an elevation of 54° 

WITH A RANGE OF 31 MILES. 


In a gun of this length, due to the weight and elasticity of the metal, 
there is a droop, when the gun is in a horizontal position and supported 
in its cradle, of anywhere between 0.5 and 0.6 inch. 

The magnitude of the construction of a gun of this size can more 
readily be understood by the size of the ingots and forgings which are 
approximately as follows: 


A tube 

B tube 

Cboop 

Dhoop...... 

Ehoop 

Jaoket 

Breechblock 


Inoot, Foroino, 
Pounds Pounds 

194,112 48,528 
275,992 68,998 
91,636 22,884 
315,532 78,883 
162,508 40,627 
123,328 30,832 
10,768 2,692 


The accuracy life of some of the cannon now in the United States 
without requiring relining is as follows: 
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BouiriNi 

Rouiim 

75-mm. gun 

10,000 

6-in. seacoast guns 

1,000 

3-in. gun 

5,000 

8-in. seacoast guns 

800 

4.7-in. gun 

5,000 

10-in. seacoast guns 

700 

155-min. gun 

2,500 

12-in. seacoast guns 

600 

155-mm. howitzer 

7,000 

14-in. seacoast guns 

400 

240-mm. howitzer 

6,000 

lO-in. seacoast guns, SO-caliber. . . 

100 

5-in. seacoast guns 

1,000 



It is probable, however, that cannon can be fired to about 60 per 

cent. 


above these figures before relining. 

German Long-range Cannon 

This r6sum^ on guns would not be complete without mentioning the 
greatest achievement of the twentieth century, the long-range gun 
developed by the Germans and used by them in shelling Paris in 1918. 
This cannon had the characteristics of abnormal range and used a pro- 
jectile grooved to fit the rifling of the gun. It is probable that a 381-mm., 
45-caliber naval gun was retubed to a diameter of 210 mm., which will 
make the length of this gun about 140 calibers. 

While the powder used is yet unknown, it has been computed with 
a projectile would probably have about 6200 ft. per sec. velocity and 
would carry a projectile of 264 lb. a distance of 76 miles. 

The elevation of the gun for this fire was probably about 64® and the 
projectile mounted to a maximum height of about 24 miles in traversing 
the trajectory of 90 miles between the gun located in the Forest of St. 
Gobain near Laon, and Paris. It would take about three minutes for the 
projectile to travel this distance. 

The great range was obtained, no doubt, because the projectile 
traveled in lighter strata, which would offer less resistance to its flight, 
and because a comparatively small projectile was used with a large 
powder charge in the chamber made for heavier projectiles. 

Conclusion 

In warfare, as in peaceful ventures, one improvement follows another 
and perfection is seldom reached. The final improvement of today is a 
stepping stone to the new one of tomorrow. It is well; for such men as 
are willing to devote themselves to science and research must have fields 
sufl5ciently large to repay them for their study. The most difficult 
tasks become easy -when progress is shown, however slight the progress 
may be. The authors hope that this paper has brought out the progress 
of the past, some of the facts and problems connected with it, and the 
possibilities, in this field alone, of scientific study in the future. It is not 
complete, but may serve as a connecting link between detailed reports 
of the past and scientific descriptions of the present. 
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DISCUSSION 

A. G. ZniBBMANN,* Washington, D. C. — I would just like to round 
out this excellent paper by showing that the art of gun-making follows 
(^des, somewhat like those occurring in every other line of endeavor. 
We have just heard how the gun formed of a single piece was succeeded by 
the built-up gun; the most modem way of making guns is to make them 
out of single pieces of steel, thus going back to the mono-block 
idea. Both Professor Bridgman, of Yale, and Mr. Albert Emery, of 
Stamford, Conn., advanced this idea and, I am convinced, developed 
it independently. 

The first gun made in the United States by this process was in 1918 at 
the Naval Gun Factory, in Washington.” It consisted of simply a single 
piece of steel bored to the approximate dimensions and subjected to a very 
great intenial pressure so that the metal began to flow, and the exterior, 
of course, expanded. The elastic limit of the material was thus raised 
and we were able to get the strength from a single piece of material that 
before had been considered impossible except by either wire winding or 
by building up one hoop after another. 

The French used the same system, and had been building guns by 
this process some two years before we did. They considered the process a 
secret, however, and were surprised to find that we had been working on 
the same thing. There is a limit to which, with the pressures available, we 
can build guns of this kind. The largest made so far have been 6-in. but 
I understand 8-in. are contemplated. There are all indications that the 
gun of the future will be a compromise between this radially expanded 
sin^e piece metal and the assembled concentric hoops. 

■Geobgb a. Obeok,! New York, N. Y. (written discussion). — ^To those 
of us whose forefathers took part in the wresting of the Old Bay State 
from the wilderness, who raked the bog ore and ran their crude furnaces 
under the protection of “Brown Bess,” the authors have not gone far 
enough. While the Lynn and Saugus sites were occupied as early as 
1638 and small amounts of iron were made, the Plymouth County bog-ore 
deposits were known as early as 1650 and by 1685 at least three towns — 
Situate, Pembroke and Halifax — were casting pots and cannon balls. 
The Ea 3 mham foige, built by the Leonards, dates from 1652 and Bristol 
County had at least three other works in operation in 1685. Iron was 
made in Bridgewater first about 1690; in 1738 Hugh Orr, a Scotch gun- 
nnith, escaping the English law against the migration of mechanics, put 

* lieutenant Commander, U. 8. Naval Chin Factory. 

t Consulting Mechanical Engineer. 

” P. W. Bridgman: E:q>eriment in One-piece Gun Construction. Trans. (1922) 
67, 1145. 
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up the first trip hammer and made the American muskets. He also made 
scythes and shovels. His works later became the Bridgewater Iron 
Works, and there the elder Alger worked along with the Reeds, Careys,, 
and Perkins. C 3 rrus Alger probably learned his trade at the Bridgewater 
Iron Works. I have been told that the Ames works in Easton secured 
their shovelmakers from Orr in Bridgewater. During the Civil War, the 
Bridgewater Iron Works covered 17 acres, employed over 1600 men, and 
made forgings, anchors, shafts, ship truss work and armor, castings, can- 
non and shells. Forgings for Ericson’s '^Monitor” and shafting of 40 tons 
weight were among the important work turned out. Stetson and Ferguson 
are the two names to be remembered during this period. Halifax and 
Carver furnished cannon balls for the Colonial forces in the Louisburg 
campaign in 1765, and nearly every town in the county made iron in small 
quantities during the Revolution. 

My earliest recollection of Plymouth County is the little forge built 
at the side of every old farm house. Most of them, in my day, had been 
converted into shoe shops and the two-horse covered wagon bringing 
round the dozens of shoes for the farmer and his sons to sew or peg in 
their spare time was a common and regular sight. But the old forge and 
bellows remained in the comer and once in a while the nail anvil. In 
1800, the two counties, Plymouth and Bristol, had eight slitting mills 
with a capacity of 7000 tons of nail rod per year. These rods were 
distributed to the farmers, just as the shoe materials were later, and the 
farmer and his sons made nails in their spare time. The invention and 
improvement of the nail-and-tack machine by Ezekiel and Jesse Reed 
(1810-20) drove out the hand forged nail; just as Keith's collection of 
the shoemakers into one building at Campello, in 1873, drove the last 
Yankee home industry into the factory system. 

Among the other iron works in eastern Massachusetts employing 
considerable numbers of men were the Norway Iron Works, in South 
Boston, the Commercial Point Iron Co., the Wareham Iron Co., Tremont 
Iron Co., and Taunton Iron Works at Squabetty. Southeastern Massa- 
chusetts is dotted with slag piles. 

Gun iron, on which most of these foimdries made their reputation, 
is an extremely good material; 25,000 to 40,000 lb. tensile strength can 
easily be obtained when good materials are chosen and charcoal iron is not 
necessary for this good performance, as the same results have been 
obtained with coke or anthracite pig. The process is a refining one and if 
carried on for a suflBicient length of time under proper conditions, the bath 
would come to nature producing wrought iron. The good qualities of gun 
iron induced John Van Vleck, formerly mechanical engineer of the New 
York Edison Co., to propose its use for his Cannon" 63 rstem of steam- 
piping, which he installed at the Duane Street station of that company in 
in 1893 to 1898. Wrought-iron pipe larger than 6 to 8 in. was very co^y 
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and unoertain in the welds, so most power-plant engineers used riveted 
pipe when large diameters were required. This necessitated a gang oS 
• boilermakerB in the stations at all times and the leakage was heavy. Mr. 
Van Vleok proposed the use of 200 lb. steam pressure for Duane Street 
at a time when 125 lb. was the standard and for piping 12-, 14-, and 18-in. 
gun-iron castings, using a ground joint and bolting the flange together, 
metal to metal. Most of this material came from the Bridgewater Iron 
Works, the West Point Foundry, the Newburgh Foundry, and a foundry 
in Lebanon, Pa., and was of a very good quality, the transverse strength 
being very high. The bends were of copper, wound with a strip or wire, 
after 1898, these bends were replaced with steel-pipe bends, which were 
then obtainable. This steam piping, after 30 years of service, is still in 
use and is in excellent condition. Almost no money has been spent on the 
pipe for repairs and leaky joints have been rare. 

F. Braueb, Watertown, Mass, (written discussion). — In this brief 
r4sum4 of the history of gun construction in the United States, the period 
covered will be approximately the last century. An act of May 14, 1812, 
transferred all artillery construction from the engineers and the artillery 
over the Ordnance Department; this department, therefore, has been 
chai^d with the manufacture of artillery since the War of 1812. 

The guns used during the War of 1812 were mostly cast iron, although 
some of the states secured a few bronze guns for the use of their state 
artillery. The first real attempt to establish a complete system of 
artillery was made in 1818, when the Secretary of War appointed a board 
of officers to make recommendations as to future construction. This 
report was submitted in 1820 and recommended that cast iron be used 
for all types of guns, but nothing definite was decided on, although there 
was considerable discussion in Congress and an act was passed to reduce 
the army. 

In 1^9, another Board of Officers was directed, by the Secretary of 
War, to prepare a plan for a uniform system of artillery. All the principal 
arsenals, foundries, armories, and shipyards in Europe were visited and 
valuable information obtained. The final report of the Board was made 
in 1841 and formed the first great advance toward the establishment 
of a uniform system of artillery. 

About 1841, there appeared an interesting gun design by Prof. Daniel 
Treadwell. This design coiudsted of rings, or short hollow cylinders, of 
wrought iron joined together end to end by welding. Each ring was made 
of several thinner rings, placed one over the other and welded. Later, 
the method was changed; a ring of steel about one-third of the whole wall 
thicknem was made and upon this a bar of wrought iron wound spirally 
and welded, as a ribbon would be wound upon a block. Machines were 
'devised for making the rings, welding them together, and forming the 
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guns by means of various molds, dies, and sets connected with a powerful 
hydrostatic process. The object of this method was to so dispose the 
metal as to place the direction of the fiber in opposition to tangential 
rupture. Professor Treadwell’s idea was to make a gun of equal strength 
in all directions and he demonstrated the proposition that the tendency 
to tangential rupture would be several times greater than the tendency 
to transverse rupture. Hence, he approached as nearly as possible with 
the means and information available, the ideal gun of equal strength. 
Some of these guns were tested by both the Army and the Navy. The 
smaller calibers stood up well but the larger calibers did not prove success- 
ful. This method of construction approached the later idea of the wire- 
wrapped guns. 

The early development of the modem system of hooped guns is traced, 
through General Fredrix of Belgiiun in 1830; Thiery of France in 1833; 
Chamber’s American patent for a hooped wrought-iron gun, dated 1849; 
and the English and American designers, Blakely and Treadwell, in 
1855. Between these last two there exists a question as to priority of the 
principle of initial tension in hooped guns, or of giving to the several 
layers of hoops such a shrinkage as would cause each to offer its full 
strength in resisting the action of an interior pressure calculated as the 
limit for the gun. But very likely we are indebted to the investigations 
of Lame and Barlow for the origin of this theory and to Rodman, the 
American, for its exposition. 

Chamber’s patent, of 1849, embodied: The slotted screw breech; 
the hinged movement of the breech mechanism, when withdrawn to 
clear the way for loading through the breech; the loading tray or sleeve 
inserted in the breech to cover the threads in loading. In desi^, this 
gun was a wrought-iron breech-loading smooth-bore built-up gun with 
a one-piece tube extending from the breech to the muzzle and encased 
with several layers of hoops shrunk on. 

At this time, the most common and the most reliable guns on hand 
were cast-iron muzzle-loading smooth-bores. The largest gun in service, 
in 1849, was a 10-inch caliber firing a 125-lb. projectile. The great 
improvement in the manufacture of cast-iron smooth-bore guns of this 
period was due to the Rodman method of casting. It may be of interest 
to note here that at one time Captain Rodman was in command of Water- 
town Arsenal and it is very probable that he has contributed more to the 
advancement of ordnance in the United States than any other one man. 

In the Rodman method of casting guns, the core or bore was 
cooled much faster than the exterior layers of metal, thereby causing a 
hooping effect by the gradual cooling and contraction of the outer layers 
of metal. This left a condition of stress in the walls of the gun, which 
was somewhat similar to the condition in the present day built-up gun; 
that is, the bore was in an initial state of compression while Ihe outer 
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layets of metal were in ui initisd state of tension. This also is the earliest 
example of any type of gun construction approaching the present day cold- 
working method, which is merely another means of securing an initial 
compression of the bore. This, however, is secondary to the increase 
in elastic limit obtained. 

A report, dated in 1849, of the first tests of these core-cooled guns states 
that two 8-in. guns were cast at the same time from the same metal. 
One was cast solid, as was the usual custom, and one was cast by the 
Rodman plan. The first gun burst at the 85th round, while the Rodman 
cast gun endured 251 rounds. An equal and even more convincing 
degree of superiority was indicated in subsequent tests on 8- and 10-in. 
guns made in 1851. The condition sought by Rodman finds application 
today in what we consider the highest principles of gun construction; 
that is, to obtain an initiid state of stress in the walls of a gun so that when 
the powder pressure acts on the interior, each compound or layer of metal 
is worked to about the same fiber stress. 

The main objection to the Rodman process was its uncertainty. 
In a number of cases, the castings burst spontaneously upon cooling, 
and in some cases after the castings were put into a lathe for finishing. 
In addition, many cavities in the casting were uncovered by boring, caus- 
ing rejection of the gun as unsafe. Only by mere accident would a perfect 
state of stress be set up in the gun by this core-cooling process, for the 
questions of temperature, rates of cooling, thickness of sections, and other 
variables were determined only very crudely. Several castings were cut 
into and the initial state of stress determined. Thin rings were cut 
from the walls of the gun and their contraction or expansion measured 
carefully and then the state of stress in any section was determined. 
In theory, it was desired to reach an initial state of tension of about 

20.000 lb. per sq. in. or about two-thirds of the averaged resistance of 
cast iron. In practice, however, it was found that the initial tension of 
the 10-in. guns varied from 3000 to 28,000 lb. per sq. in. or from 12 to 
72 per cent, of the actual tenacity of the iron. These results indicate 
the uncertainty of the method to produce the results desired. However, 
at that time, the Rodman guns produced better results than any other 
t3rpe and in 1887 there were 1515 of these guns of major caliber available 
for land service. 

An idea as to the ballistics obtained from the smooth-bores may be 
obtained from the following; 10-in. round projectile weighs 125 lb.; 
10-in. i>owder chai^ weighs 25 lb.; 15-in. roimd projectile weighed 450 
lb.; 15-ln. powder charge weighed 130 lb.; powder pressure was about 

25.000 lb. per sq. in.; range at 20® elevation, 3.75 miles; muzzle velocity, 
1700 ft. per sec. 

Hie first Cfystem of rifled guns introduced into the United States was 
called the Parrott; they played an important part in the Civil War. 
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There were several faQures in the lai^r calibers and they demonstrated 
the unsuitability of cast iron for rifled guns. These guns remained in 
service for 25 or 30 years and were gradually withdrawn. 

In 1872, a Heavy Gun Board was appointed to meet in New York 
City for the purpose of examining such models of heavy ordnance as 
might be brought before it, and of reporting to the Chief of Ordnance 
such models as might be selected for experiment. The Board examined 
forty models and inventions and selected nine for trial. They were 
arranged in order of merit by the Board as follows: 

Muzzle-loading gun: Dr. W. E. Woodbridge; Alonzo Hitchcock; 
cast-iron guns, lined with wrought iron or steel tubes. 

Breech-loading guns: Friederick Knipp; E. A. Sutcliffe; Nathan 
Thompson; French and Swedish system. 

Miscellaneous: H. F. Mann; multi-charge (Lyman). 

The Ordnance Department was occupied for the next ten years in the 
construction and trial of these giins. The Erupp’s gun was not procured 
as the War Department did not see fit to comply with the conditions 
which necessitated the purchase of a number of guns in case the trial gun 
proved satisfactory. It was intended to test the Krupp breech mechan- 
ism with this gun but the breech mechanism was tested later. 

The Hitchcock gun was to be made by welding together disks of 
wrought iron to form a solid 9-in. gun. After three years of work at 
Springfield Armory, under supervision of the inventor, the project was 
abandoned as being too difficult and costly to be practicable. 

No provision was made in this period for a trial of the French and 
Swedish systems. 

The Mann gun considered by the Board was an 8-in. breech-loading 
rifle already in possession of the Ordnance Department, which had been 
fired about 50 roimds. 

The Woodbridge gun was a 10-in. wire-wound gun. Doctor Wood- 
bridge first presented his plan to the War Department in 1850, which 
established his claim to priority for the idea. A 2.5-in. gun constructed 
by his plan was tested at Springfield Armory in 1865. After 1327 
rounds, the firing was stopped because of a defect in the trunnion band, 
the gun itself being uninjured. The gun decided upon by the Board 
was a 10-in. muzzle-loading rifle consisting of a thin steel tube strength- 
ened by wire woimd on its exterior surface, tube and wire being subse- 
quently consolidated into one mass by a brazing solder melted into the 
interstices. The gun was completed in 1876. Proof firings were not 
very convincing and the gun parted longitudinally after 93 rounds. 
However, the Ordnance Department was impressed with the idea and 
later made several breech-loading guns with more success. 

The cast-iron guns lined with wrought iron or steel tubes were really 
converted Rodman smooth-bore guns, as the 10-in. smooth-bores were 
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becoBung obsolete on account of the increasing armor thickness of naval 
vessels. Several guns were tried, using both steel and wrought-iron 
tubes. The steel tubes appeared to be better and the government 
placed an order with the Midvale Steel Co. for fifty steel tubes. This 
was the largest order for steel forgings that had been placed in the United 
States up to that time. A special grade of steel possessing great ductility 
was required and the Midvale company supplied the tubes with satis- 
factory physical properties. Later, tests with the steel-lined guns gave 
better results than had been obtained before. 

Certain tests with converted 8-in. and 11-in. guns, using the Krupp 
breech mechanism, met with failure, which was the result of a square 
comer machined in the steel tubes to receive the Krupp breech mechan- 
ism. Many people blamed the Krupp mechanism for the faUures, but 
most people, not knowing the true conditions, blamed the failures on the 
use of steel in gun construction. This opinion was general even among 
officers of the Ordnance Department. So it was an uphill struggle for 
several years to prove that the best metal for gun constmction was steel. 

The Lyman’s multi-charge gun was a freak gun. It had very thick 
walls, which contained pockets along the bore for powder charges; the 
idea being that as the projectile passed over each pocket, the powder 
would ignite and exert an additional pressure upon the bore of liie pro- 
jectile. This gun was clumsy and unsatisfactory and was never seri- 
ously considered. 

The E. A. Sutcliffe gun was a 9-in. breech-loading rifle which essen- 
tially was a cast-iron body with a comparatively thick steel tube inserted 
from the rear and terminating at the front of the blocks. In the rear of 
the block, the cast-iron body was bored and threaded to receive a hollow, 
thread-screw sleeve, which supported the block from the rear and through 
which the charge was inserted. The tests gave no measure of the strength 
of the system as only 26 rounds were fired, when the project was 
abandoned on account of a lack of funds. 

The Thompson gun was a 12-in. breech-loading rifle. It had a cast- 
iron body, of the usual Rodman design, in which was inserted under a 
slight shrinkage a thin steel lining that extended through the bore and was 
secured by a screw thread at the breech end. It was incomplete when 
received at the proving ground and in this condition was fired two 
rounds. A lack of funds prevented further testing. 

As for field gims, the Dean 3.5-in. mandreled, bronze gun was pro- 
cured in 1877 and trials were made at Sandy Hook in 1882. This gun 
was subjected to a firing test of 60 rounds, which so far as it went, proved 
the excellent quality of the material; but it was a muzzle-loading gun 
made after a design already out of date. Also, the introduction and suc- 
cessful use of steel in new construction operated against the extension 
of the system. This qrstem of manufacture was an early form of the 
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present-day idea of cold working of metal and is interesting to us 
for that reason. 

The inventor, Mr. Dean, was from Boston and he secured patents on 
his process in this country, France, England, and Austria in May, 1869. 
In a report to the Chief of Ordnance, in 1869, he described his experiments 
showing a gain in the elastic strength, density, and hardness obtained by 
forcing a series of cylindroconical mandrels, gradually increasing in size, 
through a hole in a block of bronze 8 in. long, representing the breech of 
a 12-pounder. The hole, which corresponded to the bore, was increased 
in size from 2.375 to 2.^ in. ; or an expansion of 5.26 per cent. The tensile 
strength of the metal was increased from 27,238 lb. per sq. in. to 41,471 
lb. and the hardness was increased from 1.00 to 2.97. 

Many people have been under the impression that this idea of 
mandreling bronze guns originated in Austria, but official records show 
that it was not until 1873, or four years later, that Colonel Uchatius of 
Austria adopted this method for improving bronze guns; imdoubtedly, 
he obtained the idea from Mr. Dean’s experiments. In some of the 
reports of Uchatius, he describes a bore increased from 3.15 to 3.42 in. 
or an increase of 8.57 per cent., by the same method employed by 
Mr. Dean. 

About 1885, Armament and Ordnance Boards came to the conclusion 
that the solution of the gun problem was the adoption of a built-up gun 
of forged steel; also that the industry of making forged steel for such guns 
should be established. This policy has since been carried out and all 
the major caliber guns now in service are of either the built-up or the wire- 
wrapped type. 

A few cast-steel guns were made about this time, using a different 
method for obtaining an initial compression of the bore. A solid cylinder 
was first cast and cooled. The cylinder was bored out and then heated, 
and the interior was cooled rapidly, thus securing a small initial compres- 
sion of the bore. However, the forged steel gun was adopted after a 
long struggle and results obtained by physical tests, about 1885, show 
that a good grade of steel was then in use. One of these tests gave the 
following results : Modulus of elasticity, 30,000,000 lb. per sq. in. ; ultimate 
strength, 90,000 lb. per sq. in.; elongation, 20 per cent. 

In Fig. 8, is shown the 16-in., 50-caliber gun firing the first trial shot 
at an elevation of 20^; the notation underneath this figure may be mis- 
construed as firing at an elevation of 54^ is mentioned, which angle would 
bring the gun much higher than shown in this picture-^54® is the eleva- 
tion to which the gun must be set to obtain its maximum range of 31 miles. 

Charles McKnight, Jb., New York, N. Y. (written discussion). — ^Not 
mentioned among the early foundries of the country was the forerunner 
of the Fort Pitt Foundry. The first iron foundry to be located in Pitts- 

VOL. MCTL — 28 
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buii^ and, as far as can be ascertained, the first to operate west of the 
Allegheny Mountains, was that organized by Joseph McClurg in 1803. 
A few years later, the firm name was changed to McClurg & McKnig^t, 
and stiU later to the Fort Pitt Foundry. From its inception, it was 
engaged in ordnance work for the government; and during the war of 
1812, guns and cannon balls were made, of which the lai^r part went to 
equip and supply Perry’s fieet on Lake Erie. This foundry continued to 
be a source of supply for ordnance, and guns cast here were used in both 
the Mexican and Civil Wars. During the latter war, the foimdry made, 
according to the president of the present firm, 2038 guns, ranging in size 
from to 20 in. The largest of these weighted 116,497 lb. and was 
designed to throw a 1000-lb. projectile. While the company passed out of 
the hands of the founders’ families, the president and one of the board of 
directors of the present concern are descendants of the pioneer foundry- 
men. A few years ago, when excavating in the foundry, a stove plate was 
imcovered bearing the firm name, the date 1813, and a design symbolical 
of Perry’s victory. 

The authors show that after the findings of the Endicott Board were 
published, about 1885, the manufacture of iron guns ceased. However, 
those who saw the fighting in France will remember encountering, 1 or 2 
km. back of the line where the 75’s crouched and sprang like spitting cats, 
heavy howitzers mounted on obsolescent gun-carriages and manned by the 
philosophical and bearded reservists, who received with the same stoical 
shrug the offerings of war and their daily “pinard.” Many of these guns 
had cast-iron barrels and usually were lined partly or in whole with steel 
tubes, which were rifled. The caliber, most frequently either 190 or 240 
mm., went as high as 320 mm., despite which the guns seemed to give good 
service and stand the stress. These weapons were not modem, and were 
only used as a last resort when the demand for artillery was enormous and 
the industrial facilities of the country swamped. 

From France also came the newest step in gun constmction. During 
the war, the French ordnance department developed what it called 
“auto-frettage.” By this process, guns are built of one piece (the 
so-called monobloc construction) and submitted to an internal hydraulic 
pressure, which expanded the material radially and stressed it beyond the 
elastic limit so that the metal took a slight permanent set. This, as 
cold working, resulted in an increased tensile strength, and made hoops 
and wiring uimecessaiy. Becently, the publication of our own Ordnance 
Department suggested that by this method spare tubes for field pieces 
could be prepared and the pieces retubed in the field, obviating the neces- 
sity of a trip to a distant armory for renewal when wear and erosion had 
used up the old tube. 

In concluding, it mi^t be pointed out that the development of the 
present alloy steel was originaQy due to the use of alloy steels in guns and 
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armament. Following Riley’s work in 1889, tiie United States Navy, 
Sept. 18, 1890, at Annapolis, tried out armor plates, simple and 
compound, of wrought iron and steel. In this test, the ste«l plates con- 
taining 3 ^ per cent, nickel submitted by the Schneider (Creusot) firm so 
far out-distanced all other plates that their adoption by all governments 
became practically imperative. One authority went so far as to state 
that by the test the whole British navy was rendered obsolete, as it was 
at that time protected by a compound plate that proved extremely 
inferior. The test had just such an effect as did, years later, the launching 
of the British “Dreadnought.” 

In the ensuing race for supremacy between gun and armor plate, the 
guns quickly adopted nickel steel and, under the careful supervision of 
Army and Navy oflicers, alloy steel was developed to a continuously 
higher plane. Thus, with the coming of the automobile, the engineers 
found at hand the alloy steels, without which self-propelled vehicles would 
have been almost an impossibility. 
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BLAST-FDSNACB PBACnCS IN ALABAMA 


Blast-furnace Practice in Alabama 

By H. E. Mxjssbt,* Woodwabd, Ala. 

(Birmlnghun Meeting, October, 1924) 

When the American Institute of Mining Engineers visited the 
Birmingham district in May, 1888, the four Ensley furnaces (Fig. 1) then 



Fio. 1. — Blast-tobnacs diivxlopment in Alabama. 

completed were referred to as monumental.^ Their dimensions are given 
in Table 1. Mr. Gordon stated, with considerable satisfaction, that on 
the preceding day one furnace had produced 165 tons. The blast was 

* Superintendent of Blast Fumsoee, Woodward Iron Co. 

>Fred. W. Gordon: Large Famacee on AlahsmB Material, from (1888-9) 
Vf, 136. 
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22,000 cu. ft., the temperature 1400°, and the pressure varied from 8 to 9 
lb. The furnaces continued in operation, with minor modifications 


Table 1. — Dimensions of Blast Furnaces in Alabama 



If 

«s 

1^ 

Ig 

tD 2 

No. 3 Ensley 
Furnace 

No. 1 

Woodward 

Furnace 

No. 1 Ensley 
Furnace 

Height of stack, feet 

80 

86.625 

90» 

89.66 

96 

Hearth diameter, feet 

10.5 

14 

15.5 

17.5 1 

20.33 

Bosh diameter, feet 

20 

20.75 

22.5 

21.6 1 

25 

Stock-line diameter, feet 

16 

14 

16 

16 

17 

Bell diameter, feet 

12 

! 

12 

12 

13 

Bosh angle, degrees 

! 80 

1 74.42 

75 

79.45 I 

1 78 

Capacity, cubic feet 

1 15,300 

1 16,372 

23,211 

21,627 

1 31,200 


* Height from center line of iron notch to top of platform. 

from time to time, until the blowing in of No. 6 Ensley, April 26, 1905. 
The results obtained from this furnace, the dimensions of which are given 
in Table 1, were so satisfactory that No. 5 was rebuilt to virtually the 
same dimensions. Later the No. 3 furnace was constructed to the dimen- 
sions given in Table 1; the next largest furnace then was the remodeled 
No. 1 Woodward Iron Co. stack. 

Diuing its first year, the following results were obtained from the No. 
1 Woodward furnace: 



January 

Fxbbuabt 

Mabch 

Average daily tonnage of iron 

479 

442 

469 

Average cubic feet of blast 

. . . . 59,520 

60,842 

62,225 

Average pressure, pounds 

22 

21.7 

20.5 

Average charge of ore, pounds 

Woodward red ore 

. . . . 27,600 

21,886 

22,729 

Bedding 

1,734 

7,368 

5,193 

Soft 

386 

1,000 

1,000 

Average charge of scrap, pounds 

81 

121 

300 

Average charge of coke, pounds 

. . . . 14,000 

14,000 

14,000 

Average charge of stone, pounds 

1,728 

2,097 

1,997 

Average number of charges per day 

97 

92 

99 

Burden ratio 

2.12 

2,17 

2.08 


This shows that the daily output had increased virtually 300 per cent, 
over the figures given for the plant of 1888. This furnace has been 
exceeded in size by No. 1 Ensley, the dimensions of which are given in 
Table 1. The production of this furnace is reported to have reached 
about 17,000 tons for the month. It would seem therefore that the 
term "large furnaces" is entirely relative, and that the determination of 
tii» ultin^te size and shape of the furnace is still in process of solution. 
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Raw Matbbials 

Iron Ore 

The important iron induatry that has been developed in the Birming- 
ham District has depended, and will depend on the Clinton iron ore of Red 
Mountain as a source of ore supply. Regarding these ores, Ernest F. 
Burchard says: 

The structure and mineralogy of the Clinton ores are closely related features of 
the deposits. The ore with its associated minerals occurs in lenticular beds analogous 
to strata of sandstone, shale, and limestone, and interbedded with such rocks. 

The fossil ore consists of aggregates of fossil organic forms such as bryosoans, 
crinoids, corals, and brachiopods. These forms were evidently at one time prin- 
cipally calcium carbonate, and they have been replaced partly or wholly by ferric 
oxide. The fossil material, much of which consists of broken and waterwom frag- 
ments, evidently was gathered by the action of waves and currents into beds, and 
subsequently cemented together by calcium carbonate and ferric oxide. More or 
less clay material has been likewise included in the beds during their formation, and 
this commonly exists as thin seams of shale.. 

The oolitic ore consists of aggregates of fiat grains with rounded edges, somewhat 
of the sixe and shape of flaxseeds. These grains generally lie with their flatter sides 
parallel to the bedding planes of the rock, and the mass is cemented by ferric oxide 
and more or less calcium carbonate. The flat grains have a nucleus of quartz, gen- 
erally very minute, about which successive layers of iron oxide and, in many instances, 
very thin layers of silica and aluminous material have been deposited. One of the 
two varieties of ore generally predominates in a bed, but in certain localities the fossil 
and oolitic materials are mixed in nearly equal proportions. The fossil ore, where 
unweathered, as compared with the oolitic ore in the same condition, is apt to be 
the more calcareous, while the oolitic ore may carry higher proportions of silica and 
alumina. 

A characteristic of the Clinton ore that is secondary rather than original is that 
where weathered or acted upon by surface waters the lime carbonate is dissolved out 
of the beds, thereby increasing the content of iron oxide, silica, and other constituents 
proportionately. Such altered ore is popularly termed ''soft ore,” and appropriately, 
too, for where altered it is usually porous and friable as compart with the unaltered 
material, which is termed ''hard ore.” The alteration of the ore beds takes place 
along the outcrop and to distances of a few feet to 400 ft., depending on the altitude 
of the beds and on the thickness and permeability of their cover. The quantity 
of the soft ore is small as compared to that of the hard ore, and owing to its higher 
content of iron and its greater accessibility, much of the soft ore has already been 
taken in mining, so that in the future the reserves of this variety of ore will steadily 
decrease in importance. 

It may be stated, in a general way, that the average composition of 
the ore of a given mine is fairly constant, but the character of the ore 
changes from the ideal self-fluxing grade, which is in the zone near 
Reeder’s Gap, the silica slowly increasing in the vein, either north or 
south of that point. A similar variation also occurs in the lime content. 
IVpical analyses, selected from various points along the mountain, are 
given in Table 2. These analyses represent the ^^hard ore” as the 
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remaining “soft ore” represents a oomparatively small tonnage and 
does not occupy the prominent position it did in the earlier days of iron- 
making in the district. An important step was taken about 15 years ago, 


Table 2. — Typical Analyds of Hard Ore 



Iron, 

Per Cent. 

SiUos, 

Per Cent. 

Alumina, 

Per Cent. 

Lime, 

Per Cent. 

Mangfmese, 

Per Cent. 

Phosphorua, 
Per Cent. 

Water. 

Per Cent. 

Muscoda No. 4 (T. C. I. k 
R.R.CO.) 

34.23 

10.59 

3.13 

19.62 

0.16 

0.29 

0.34 

Fossa No. 7 (T. C. I. & R. R. 
Co.) 

36.42 

11.71 

2.83 

17.51 

0.17 

0.33 

0.31 

Ishko^a No. 12 (T. C. 1. k 
R. R. Co.) 

37.27 

16.76 

2.94 

14.03 

0.17 

0.38 

0.55 

Spaulding (Republic) 

Raimund (Republic) 

37.44 

32.32 

21.32 

12.15 

3.31 

3.55 

11.09 

19.52 

0.16 

0.15 

0.30 

0.28 


Woodward 

36.76 

11.94 

3.03 

16.93 

0.17 

0.28 


Redding (Woodward) 

Ruffner (Sloss) 

39.62 

36.91 

13.60 

21.16 

3.12 

4.47 

13.75 

9.78 





when the ore was much more finely crushed. The standard setup for 
crushing hard ore would show, approximately, the following screen 
analysis, The ore is received at the furnace as run of crusher; no 
attempt has been made to grade by screen sizing. 

P*B CSNT. 


Ore through K in 37 

H in 9 

1 in 14 

IH in 26 

2 in 10 

2J^ in 3 

3 in 1 


100 

The Red Moimtain ore is a hard compact mineral and, as shown by 
Dr. J. R. Harris, the moisture ranges between 0.5 and 0.6 per cent.; it 
rarely exceeds 2 per cent. The brown ore, which is a limonite, occurs in 
clay pits from which it is removed, after stripping the overburden, by 
means of a steam shovel. The nodules, or lumps, occur embedded in the 
clay, and the quantity of material removed per ton of ore recovered may 
range from 2 to 6 tons. The clay is loaded in drop-bottom cars, from 
which it is dropped into a bin, supplying a lo^ watiier. All domick is 
passed through a Gates crusher, which reduces it to about 4 in., before 
passing to the washer. Revolving logs, meeting an adequate supply of 
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water, tear loose the adhering day, which is washed away by the current 
of water. The ore is then discharged from the upper end of the log, 
after which it drops into a revolving fine screen, where jets of water, under 
high pressure, remove any remaining clay particles. The analysis of the 
brown ores is exceedingly variable, even at the same pit. A fair stock- 
house sample would be represented by the following analysis, although 
much richer and somewhat poorer ores have been used. 



Pbb 


Pbb 


Cbmt. 


Cbmt. 

Hydroscopic water 

7.00 

Alumina 

3.61 

Combined water 

6.00 

Lime 

0.84 

Metallic iron 

48.54 

Phosphorus 

0.38 

Silica 

11.22 

Sulfur 

0.09 


Flux 

The use of limestone as a flux has been virtually discontinued by the 
furnaces of the district. It is difficult to obtain a limestone low in silica 
content within a favorable freight zone, and it is believed that a 
dolomitic slag is preferable for smelting the red hematites, which has 
resulted in the almost exclusive use of the latter as a furnace flux. Large 
deposits of dolomite easily available in the district have about the follow- 
ing composition: 

Rockwood 

Dolomxtk a, Dolomitb B, LmatroNB, 
PsB Cbnt. Pbb Cbnt. Psb Csnt. 


Iron 0.14 0.67 

SiUca 0.41 1.20 1.10 

Alumina 0.28 0.69 0.93 

lime 31.61 31.48 97.92 

Magnesia 20.19 19.74 0.05 


The quarry size dolomite is passed through a Np. 8 Gates gsnratory 
crusher, which reduces the product to about 4 ih. In some cases, the 
crushed Atone passes over a grizzly, which takes out fines below ^ in. 
These fines are then washed, for the removal of fine material, and the 
finished product is used in the open-hearth furnaces. In otW cases, 
the run-of-crusher material is sent direct to the blast furnace. 

Coke 

The coke is made largely in byproduct ovens, of which two types are 
in use; i. e., Koppers and Semet Solvay. Coke from either is a very satis- 
factory fuel. The cell volume shows a wide variation, depending on 
coke-oven practice. For instance, it is possible, with Pratt coal, to 
develop a coke showing about 33 per cent, pordsity, while treated imder 
lower heats, and a shorter coking time, the same coke will develop as 
high as 53 per cent, porosity. The coke that seems to produce the most 
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satisfactory results at Woodward is one having a porosity of 42}4 to 
44 per cent. 

It is our practice to screen coke over a ^-in. grizzly, passing this 
product over a revolving screen, the undersize being utilized as 

fuel under the coal-mine boilers, while the oversize is returned as made to 
the furnace. Others classify the oversize as “domestic,” and dispose of 
it on the market as such, while the fines are used in the boilers. 

The coke is derived from two main coal supplies — ^the Pratt seam, in 
the Warrior coal field, and the Big seam. In the earlier days, coke was 
made from unwashed coal, but the ash and sulfur contents were so high 
that washers were installed; they are now regarded as a necessity through- 
out the district. In the case of Pratt coal, the ash content after washing 
will run from 4 to per cent. 


Volatile matter 
Fixed carbon. . . 

Ash 

Sulfur 

Phosphorus 

Porosity 

Shatter 


Pbatt Sbam 
(Woodward), 
Per Cent. 

Bio Seam 
(Sloes), 
Per Cent. 

1.00 

1.61 

88.70 

85.43 

8.71 

12.96 

1.00 

0.004 

0.80 

42.3 

44.00 

69.8 



Slag 


Typical slag analyses, using dolomite as a flux, when making foundry 
and basic grades are approximately as follows: 


Silica 

Alumina 

Lime 

Magnesia. . . . 
Ferrous oxide 
Sulfur 


Foundry, 

Basic, 

Per Cent. 

Per Cent. 

36.90 

34.55 

12.36 

11.34 

44.10 

45.60 

4.52 

6.21 

0.56 

0.77 

1.56 

1,53 


The slag is disposed of by means of the standard slag ladle, and, after 
solidification, is marketed as ballast or concrete material. A very small 
toimage is granulated and used in the manufacture of cement. 


Pig Iron 

The product of the furnaces may be roughly divided into two divi- 
sions: The first would include the various grades of foundry iron, while 
the second would represent the steel-making or basic iron. For many 
years, the ou^ut was confined to foundry grades only; but during 1895, 
the Tennessee Coal, Iron & Railroad Co. secured an order from the 
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Carnegie Sted Co. for a trial lot of basic iron. This experiment demon- 
strated that basic iron could be successfully made from Birmingham ores 
and resulted in the erection of a small, experimental, steel plant, which 
produced a satisfactory open-hearth product and which was later followed 
by the larger steel plant at Ensley. The district, from that time, has 
continued to produce basic iron, not only for home consumption but for 
the Northern markets. Ferromanganese, also, is produced in one or more 
of the local furnaces. A low-phosphorus iron, known as ingot-mold iron, 
is also made from a mixture consisting almost entirely of steel scrap; this 
product finds a local use at one of the steel mills but is not offered as a 
market product. 

Stock Distribution 

With the increasing size of furnaces, the hand-filling method had to 
be abandoned and a number of mechanical tops have been installed, with 
more or less success. Perhaps the Brown top, as installed at Ensley No. 
6, in 1905, represented the introduction of the more modem type, 
although there were some in the district prior to that time. The life of 
the lining was not regarded as satisfactory, and the cost of maintenance 
and loss of time because of frequent repairs led to the development of the 
Crockard top, which is now installed on the six Ensley and the three 
Woodward furnaces. The Woodward furnaces (Fig. 2) are single-skip 
furnaces, whereas those of the Tennessee company are double-skip. 
For this reason, the Woodward tops, while representing a simplified form 
of construction over the original Ensley tops, must provide movable 
deflecting plates over the upper bell, to minimize segregation, which is 
not strongly in evidence with the double-skip top. These baffle plates, 
on either side of the central bell rod, split the charge on the principle of 
the well-known sample riffle. Between skips, each baffle is automatically 
rotated 90”, and a half skip load is then directed to alternate quarters of 
the furnace, thus avoiding the possibility of any section receiving an 
excess of fines. The rotation of the baffles (Fig. 3) is effected by small 
steam cylinders, which are interlocked with the little bell cylinder, making 
the operation automatic. The mechanism has proved very satisfactory 
and requires no other attention than the periodic replacement of the 
wearing plates. The spout of the distributer moves through 64® per 
skip trip. 

No. 3 Ensley furnace, operated with this top, produced on its first 
lining 1,429,788 tons, which is probably a world record. In producing 
this tonnage of iron, probably about 6,148,000 tons of material passed 
throu^ the furnace. No. 2 furnace, a sister stack, blown in shortly 
thereidter, produced 1,196,000 tons. No. 2 Woodward was equipped 
with this type, and blown in Oct. 7, 1921. The production to date is 
397,543 tons of iron, with every indication of an indefinite run, as the 
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pyrometer readings recorded daily in the upper stack section show little 
change in temperature over that of the first month’s operation. 



Fia. 2. — SlDB ELIIVA.TION OP TOP FOR No. 3 WOODWABD FURNACE. 


The Pioneer furnaces of the Republic Iron & Steel Co. are equipped 
.with modified McKee tops, which were installed some years ago. The 
later design may be seen at the North Birmingham furnaces of the 
Sloss-Sheffield Steel & Iron Co. 
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Thickness of Linino 

The stack lining has varied from 9 in., in the case of the water-cooled 
jacket of the thin lining, to 54 in., with the solid heavy wall type. Our 
practice carries a 40^-m. wall, with an inwall batter of 55/64 in. The 
stock line is protected with cast-iron plates (low sQicon and high sulfur) 
embedded in the brickwork. These plates are spaced vertically 9 in. 
apart, for a distance of 8 ft. in the throat. These blocks are 3 in. thick, 
and 22^ in. wide, and run about 12 to a complete circle. The arrange- 
ment, which has proved satisfactory, is shown in Fig. 4. 



Fig. 4. — Abranoehent of stock-une abmob. 


Bosh Pbotection 

It is the practice, with the larger furnaces, to use the bronze cooling 
plate in a cast-iron housing. In the rows near the tuyere zone, it has been 
found necessary to cool the housing by means of a pipe coil. The 
tuyere zone is protected by a heavy cast-iron or steel “spectacle” belt, 
strongly banded and linked, and through which at suitable points 
bronze plates are introduced for cooling those sections between the 
tuyeres. This construction very satisfactorily resists the severe action of 
the large slag volumes, with which Southern practice contmids. 
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Hbabth Pbotbction 

The hearth is enclosed either in heavy iron sections, ranging in 
thicknesa from 8 to 10 in., with machined joints, which are held by shrink 
links and bands, which are cooled by water sprays, or by the thinner cast: 
steel sections, usually 4J^ in. thick, which are held by machined bolts 
and bands. Wells are either wet or dry. 

Dust Catchers 

The satisfactory dust catcher constitutes an unsolved problem. The 
usual primary dry dust catcher is sometimes supplemented by one or 



Fio. 5. — Dovel gas clbaneb. 

more dry dust catchers in which separation is effected by current reversals. 
The MuUin washer has been used at several plants and imquestionably 
removes a large quantity of dust that passes the primaries. The loss in 
sensible heat is not appreciable. 

A form using a relatively small quantity of water and not greatly 
reducing the temperature has been developed by Mr. Dovel, gen ral 
superintendent of the Sloss furnaces; it is shown in Fig. 5 . This cleaner 
has a maximum diameter of 9 ft., is 74^ ft. long, and is set with a fall of 
^ in. per ft. There are two parallel longitudinal troughs, over the 
center of which are placed two baffle plates. The centrifugal action of 
the gas throws the dust into these troughs, while a stream of water 
continuously removes the deposited dust. A test made at the City 
furnaces of the Sloss company showed a dust content in the raw gas of 
7.34 gr. per eu. ft.; after passing throi^h the cleaner the gas carried 0.59 
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gr. The average flow of gas was 43,920 cu. ft. per min. The avenge 
temperature drop was 43°, representing a loss of 12.9 per cent, of the total 
sensible heat; 310 gal. of water were circulated per minute. Mr. Dovel, 
in a personal letter, advises that “one set of these stoves had years 
continuous service, at high temperatures, and they are ready to start 
another blast without any repairs whatever.” This cleaner is now in 
service at eleven furnaces. 

Several dust catchers of the whirler type have also been installed. 
Due to the comparative scarcity of water, it has not been possible to 
install any of those tjrpes in which large volumes of water are necessary 
for the successful removal of dust and moisture. 

Stoves 

Stove types are as numerous as the furnace plants. They include 
the two-, three-, and four-pass types. The most recently constructed 
stoves are 22 ft. in diameter and 110 ft. high; they are of the two-pass 
type. High heats are desired and 1400° to 1500° has been carried only 
because the stoves would not permit higher temperatures. 

Stock Yabds 

The stock yards are much simpler than those of the Northern plants; 
flrst, because of the milder winter climate, and, second, the furnaces are 



Fio. 6 . — Cross-sbction thbottoh stock TBBSTUi!, Woodward tcnnbl ststkm or 

OBB STOBAGli. 

near the ore supply. Where space is available at the ore mines, it is an 
easy problem to stock large piles from which recovery may be promptly 
made by steam shovel into the ore cars, which reach the furnace in a few 
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hours. Fig. 6 shows an interesting stock-ymrd development made by A. 
H. Woodward, chairman of the Woodward Iron Co. This plan, which 
commends itself for simplicity and low. cost of installation and mainten- 
ance, may be found at Woodward, at the North Birmingham furnaces of 
tile Sloes company, and the Pioneer furnaces of the Republic Iron & 
Steel Co. Other installations have been made outside of the district. 
There is only one stock-yard gantry crane in the district. 

Cast House 

Most of the foundry furnaces run the cast into either sand or chill 
molds. The molding machine described below* is in use at the Wood- 
ward furnaces. It is shown in Fig. 7. 



Fig. 7. — Pia bed moldbb. 


After the previous cast has been removed, the bed is thoroughly wetted down by 
an overhead spray system that is easily controlled and that gives a uniform soaking 
to the sand bed. This wetting puts ^e sand in proper condition for molding and 
incidentally exposes any pieces of iron or scrap on the surface of the sand. These 
axe remov^ before the operation of harrowing. 

*F. J. Cretins: Straight line Production. Bloat Furnace and Steel Plant 
(1024) 18, 267. 
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The harrow oomuete of a rectangular frame having an S-in. double, extra heavy 
pipe for the front miember, a 9Q-lb. rail for the rear member, with two side members 
of H by 6-in. flats bent in the form of sled runners; these prevent the teeth from 
digging too deeply into the sand. The teeth bolt through the 8-in. pipe at 5-in. 
spaces and are set to loosen the sand to a depth of 9 to 12 in. The rail rear member 
smooths the bed and helps to grade the bed to desired leveL About two trips are 
made over the entire length of bed with the harrow, which is the same length as the 
width of the bed. The harrow is dragged through the sand toward the furnace and 
carried back over the sand by the cast-house crane. 

The roller is now dragged over the sand leaving a series of perfectly molded 
imprints of pig bed and sow, each identical with the others and exactly spaced. The 
roller is not truly cylindrical but is more nearly a four equal-side figure whose sides 



Fig. 8. — Dovui* pig breaker. 


are cycloids. Each side comprises a bed and carries a sow mold running the whole 
length with 28 pig molds attached thereto. The pig molds are so formed as to 
leave a minimum neck joining the pigs to the sow and to form a notch in center of 
pig to facilitate its being broken. 

After the roller has traversed the length of cast steel, the bed is ready for the cast, 
the only hand work necessary being to coimect the sows at their ends to the runner. 

Pig roller iron is smoother, freer from sand, and more uniform in sise than that 
made in hand-made beds. The individual pigs are a little lighter. For these reasons, 
foundries prefer it to the old t 3 rpe of pigs. 

The bed of pig iron or ‘‘comb^’ is picked up by electric cranes, and 
delivered to a Ladd & Baker pig breaker, from which the broken pig and 
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SOWS drop by gravity into gondolas. A somewhat simpler form of pig 
breaker, but one of much less capacity, is the Dovel breaker (Fig. 8) at 
the North Birmingham furnaces of the Sloss company. In this case the 
“comb” is laid upon a cast-iron breaking bed, while the air-operated 
hammer is traversed by means of the crane. In some of the latter plants, 
the breaker is set high enough to permit the installation of screens, which 
remove the sand that would otherwise drop into the car. 

Summary 

In briefly summarizing the practice of the district, it may be stated 
that Southern practice is disposed to carry higher stove temperatures 
than Northern plants, also, the blast volume for a given size of stack 
is higher. It has been foimd necessary to overblow Southern furnaces, 
compared with Northern furnace practice, if the same relative maximum 
tonnage is to be realized. Increased production may be expected as a 
result of even larger furnaces than those now classified as large furnaces. 

Furnace lines are still being modified to proportions that are not at 
present regarded as the ultimate or final form. With the more thorough 
cleaning of the gas and adequate stove capacity, still higher average 
stove temperatures will be maintained, resulting in lower fuel consump- 
tion and therefore increased production. With the high humidity, as for 
example during portions of last July, when moisture content reached 13 
gr., such conditions may warrant the installation of dry blast plants. 

DISCUSSION 

C. A. Mbissnbb, New York City. — ^In 1890 when the furnaces were 
small it was quite hard with these lean ores to obtain a output that would 
approximate the same output in the North. Of course, conditions vary 
somewhat, where you make basic iron, and other branches. We could 
easUy run the temperature of our Northern furnaces up to 1200° to 1400°, 
but our ores will not stand it while your ores do. 

I want to find out later how some of the different gas-cleaning proc- 
esses are operating. The Dovel process seems to be successful and simple, 
and there are other processes that seemed to be successful or partly suc- 
cessful. Dry cleaning is a great advantage, as the material is left in 
condition to be easily handled. The difference between the dry and wet 
cleaning lies mainly in the fact that wet cleaning leaves the material 
in a condition that is bad to handle. If we could have dry cleaning at 
all these plants, as well as the plants in the North, it would make a great 
difference in the handling of the products. The flue dust is leaner than 
up North, it contains lew iron, and more coke and, therefore, is not as 
valuable. 
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The Crockard furnace top is a modification of the Brown top. In 
the North, the question comes up “Had we better try to work with a 
stationary top or with a removable top?” Many of our furnaces are 
equipped with, stationary tops and do very good work, others have the 
McKee tops. Some operators prefer one kind and some another. I 
think the general belief is that the rotating top gives the best distribu- 
tion but no practice, of course, will apply to all plants alike. 

As it takes about 3 tons of your ore to produce 1 ton of pig iron while 
up North the proposition is about 2 tons to 1 ton of pig iron, you must 
handle large slag volumes, and 1 wonder sometimes if that has anything 
to do with the heat you can carry. 

Fbanklin H. Cbockabd, Birmingham, Ala. — My experience has 
been that the smaller furnaces bum a great many fewer tuyeres than the 
larger furnaces; that is, on the same coke and ore. I am inclined to think 
the fusing line in the larger furnaces has something to do with it. In 
our furnaces, the ratio of tuyeres burned is identical with the size of 
the furnace. 

H. E. Musset. — In regard to the number of tuyeres burned, it is 
my observation that more tuyeres are burned when the furnace is going 
from hot iron to cold iron, or from cold iron to hot iron, than when making 
uniform grades. The explanation of this is probably due to the change 
of the fusion point. 

As to quality of coke, my experience is that we get the best practice 
and carry most burden when the coke has a porosity of about 42. The 
main reason for this low porosity of coke is that with our low-grade 
ores it is necessary to put a great deal of stock through the stack; to 
accomplish which we must blow a great deal more wind than is the case 
in the North — the low porosity coke enables us to do this. 

As to the size of the furnaces, I believe that the limit has not been 
reached. With large furnaces, it is necessary to blow a great deal more 
wind than is the case with the small furnaces, and the size of the furnaces 
will be determined by our ability to get sufficient stove heat to back up 
the wind. 

The largest furnace in the district is No. 1 Furnace, Ensley, which has 
a hearth diameter of 20 ft. a bosh diameter of 25 ft., and a content of 
about 32,000 cu. ft. This furnace is making about 600 tons of mill iron 
at the present time on about 2600 lb. of coke per ton of iron. Inasmuch 
as the furnace labor will cost about the same for a 300-ton furnace as for 
a 600-ton furnace, the operating cost per ton of iron on a 600-ton furnace 
is about 50 per cent, of the cost on a 300-ton furnace, so that the larger 
you can build the furnace and still maintain an economical practice, the 
cheaper the product will be. 
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The general lines of furnaces with regard to the bosh have changed 
materially from the old days; when they used brown ore largely in the 
burden, ^e bosh ran up from 20 to 30 ft. above the tuyeres, while in the 
present furnace, the bosh is only from 10 to 15 ft. in height. 

W. H. Oldham, Fairfield, Ala. — ^In 1907, 1 took charge of Alice Furnace 
of the Tennessee company. There was but one blast furnace at this place. 
The work was much more difficult than it is today, as the raw materials 
were poorly prepared and more difficult to get to the furnace. As time has 
passed we have developed or improved the raw materials. Also the tops 
of the mechanically filled furnaces at Ensley have been very much 
improved ; these two things have enabled us to operate furnaces much more 
uniformly. There have been improvements caused by better knowledge 
of handling the volume of wind blown, this being perhaps one of the 
greatest developments in the practice in this district. For example, if 
the furnace was producing 300 tons of pig iron per day and you were 
expecting 375 or 400 tons out of the furnace and the furnace was capable 
of producing that tonnage, in the early days, it was difficult to get suffi- 
cient wind on the furnace to produce the tonnage. Usually when you 
increase the wind, after reaching approximately 300 tons, the tendency 
is for the furnace to blow through when slowly increasing the wind; we 
found that when we would jump what we term the “critical wind zone,’^ 
we jumped 8000 or 10,000 cu. ft. at a time, causing the furnace to work 
down uniformly instead of by jumps or slips. Then we would have a 
uniform working condition that would give greater regularity with 
increased volume of wind and a more uniform product. A good size 
book could be written on improvements in blast-furnace practice in the 
Birmingham district. 
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Effect of Sulfur on Blast-furnace Process* 

By T. L. Joseph,! Minneapolis, Minn. 

(New York Meeting, February, 1925) 

Chabcoal was the predominant blast-furnace fuel until 1838, when 
it was found, by the operation of a 2-ton experimental furnace, that 
anthracite could also be used. This information was a stimulus to the 
iron industry, particularly in eastern Pennsylvania where anthracite was 
available at low cost. The production of anthracite pig iron increased 
steadily and, in 1855, its tonnage exceeded that of charcoal iron. Of the 
680 furnaces in operation in 1874, the 226 using anthracite produced 
nearly one-half the total tonnage. In 1869, the production of coke fur- 
naces exceeded that of charcoal furnaces and, in 1875, coke surpassed 
anthracite as a metallurgical fuel. In 1907, the output of anthra- 
cite pig dropped well below a million tons and its present signifi- 
cance is largely historical. In recent years, the production of coke has 
gone hand in hand with the production of pig iron and it has gradually 
attained the position it now occupies as a universal blast-furnace fuel. 

Charcoal, however, has great merit as a blast-furnace fuel chiefly 
because of its freedom from ash and sulfur. The harmful effect of the 
latter and the necessity of keeping the percentage of this element in pig 
iron at a minimum are well recognized. Other contaminating elements 
can be reduced to specified limits in the steel-making process, but the 
control of sulfur belongs essentially to the blast furnace. The purpose of 
this paper is to point out the distribution of this impurity in blast-furnace 
materials and to indicate how its presence alters the composition, 
quantity, and free-running or critical temperature of the slag, and the 
relation between these factors, fuel economy, and the cost of iron. 

SuLFUB Distbebtttion IN Matebials 

Table 1 shows the distribution of sulfur in charcoal practice. Similar 
figures taken from coke practice are given in Table 2. These data were 


* Published by permission of the Director, Bureau of Mines, 
t MetaQur^t, North Central Station, Bureau of Mines. 
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furnished through the coSperation of a number of steel companies* and 
producers of pig iron. It is evident that, although there is very little 
sulfur in the materials used in charcoal furnaces, about two-thirds of it 
comes from the charcoal and about on^third from the ore. The amount 
coming from the stone is negligible. Approximately 33 per cent, of the 
total sulfur charged enters the metal, while in coke practice this same 
value is less than 5 per cent. 


Table 1. — Sulfur DistrihuLion per Ton, of Iron in Charcoal Furnaces 


Number of 
Furnace 

Pounds Sulfur 
in Ore 

Per Cent. Total 
Sulfur from 

Ore 

Pounds Sulfur 
in Charcoal 

Per Cent. Total 
Sulfur from 
Charcoal 

Total Sulfur* 
Charged 

Pounds of 

Slag 

Per Cent. 

Sulfur in 

Slag 

Pounds Sulfur 
in Slag 

Per Cent. Total 
Sulfur to 

Slag 

Pounds Sulfur 
in Metal 

Per Cent. 

Sulfur to 

MeUl 

Pounds Sulfur 
Unaccounted 
for 

Per Cent. 

Sulfur Unac- 
counted for 

1 

0.61 

48.8 

0.64 

51.2 

1.25 

546 

0.10 

0.55 

44.0 

0.45 

36.00 

0.25 

20.00 

2 

0.33 

33.7 

0.65 

66.3 

0.98 

498 

0.11 

0.55 

56.1 

0.29 

29.60 

0.14 

14.2 

3 

0.42 

33.0 

0.85 

67.0 

1.27 

588 

0.10 

0.59 

46.5 

0.34 

26.80 

0.34 

26.70 

4 

0.42 

32.0 

0.89 

68.0 

1.31 j 

548 

0.09 

0.49 

37.4 

0.45 

34.30 

0.37 

28.30 

5 

0.47 

31.1 

0.56 

68.9 

1.51 1 

500 

0.14 

0.70 

46.4 

0.44 

29.10 

0.37 

24.50 

6 

0.29 

35.0 

0.54 

65.0 

0.83 

498 

0.09 

0.45 

54.2 

0.34 

41.00 

0.04 

4.80 


* Sulfur in stone negligible. 


Table 2 shows that for each ton of metal made in coke practice an 
average of 1.38 lb. of sulfur is charged with the ore, 19.9 lb. with the 
coke, and 0.33 lb. with the stone. Approximately 92 per cent, of the total 
sulfur charged enters with the coke, 7 per cent, with the ore, and 1 per 
cent, with the stone. Most of the sulfur is disposed of by means of the 
slag, which carries off an average of 86.7 per cent, of the sulfur charged, 
4.63 per cent, being incorporated into the metal. In a number of cases 
the sulfur in the slag and metal exceeds the total sulfur charged. These 
discrepancies are probably due to diflSiculty in obtaining representative 
samples and partly to errors in chemical analyses. However, the con- 
clusions concerning the value of coke as its sulfur content varies and, 
which will be given later, are based on relations existing between three 
operating quantities, namely, sulfur in the coke, slag volume, and coke 
consumption. The item, sulfur unaccounted for, contains the accumu- 
lated errors of calculations involving the weights of all raw materials per 
ton of metal and the analysis of raw materials and products. Values 
used throughout for slag volumes have been calculated by two methods, 
the accuracy of which depends largely on the magnitude of errors 
in sampling and chemical analysis. In a few cases the final result may 

^ The writer wishes to acknowledge the codperation of the following companies : 
Bethlehem Steel Ck>rpn., Brier Bhll Iron & Coal Co., Buffalo Union Furnace Co., 
Colorado Fuel A Iron Co., Jones k Laughlin Steel Co., Illinois Steel Co., Lacka- 
wanna Steel Co., National Tube Co., Republic Iron k Steel Co., Rogers Brown k 
Co., Youngstown Sheet k Tube Co. 
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Table 2. — Sulfur Distribution per Ton of Iron in Coke Furnaces 


Furnace 

Number 

Pounds Sulfur 
in Ore 

Per Cent. Total 
Sulfur from 

Ore 

Pounds Sulfur 
in Coke 

Per Cent. Total 
Sulfur from 
Coke 

Pounds Sulfur 
in Stone 

ii 

h 

Pounds of Slac 

Per Cent. 

Sulfur in 
_Slag 

Pounds Sulfur 
in Slag 

Per Cent. Total 
Sulfur to Slag 

Pounds Sulfur 
in Metal 

Per CiMit^ 

Sulfur to 

Metal 

Pounds Sulfur 
Unaccounted 
for 

Per Cent. 

Sulfur Unac- 
counted for 

1 i ! 1 

1I0.89| 2.90:28.9094.6 
2 : 2 . 10 ! 1.27,14.2686.5 
3!0.89| 3.36:24.8(193.6 
4 1.28' 8.20;i3.95l89.9 

0.78 

0.24 

0.81 

0.22 

30.57 

16.59 

'26.50 

i5.45 

1 ! ' 1 

113661. 6222.121 

1 9111.43!i3.0(1 
Ii389!i. 74:24.20 
1 798!l.7(yi3.56 

72.35 
78.40 
91.30 
j 87. 7(^ 

1 ! ! 

0.78,2.55i+ 7.69j+25.10 

0.76,4. 58|+ 2.831+17.02 
1.104.16+ 1.20,+ 4.65 
0.855.49+ 1.051+ 6.81 


5 ^0.88i 3.35i24.60;93.7;0.7626.24 

6 i0.39| 2.1917.10i96.3;0.25|17.74 


10 O.eSj 3.55jl7. 
15 '0.22 1.86;11. 
16 0.22 1.80;ll. 

23 2.26^12.7715. 

24 2.9^16.5514. 

25 2. 38,14. 10114. 

26 3. 7818. 6116. 

32 2.2011.6516. 

33 2.5315.30il3. 

34 1.74 8.8817. 

48 1.85. 9.8816. 

49 2. 47 14. 66,13. 
50,2.10.10.0518. 

9 1.41 7.9316 
12 1.36 8.0615 

11 0.42 2.40:16 

42 1.321 6 . 62:21 

43 0.83 3.35.23 
21 1.05 3.12:32 

22.2.86 9.1031 

.1 


14671.81:26.50100.991.104.19- 1.36 - 5.18 
90S|1.30ll.80 66.5(^.693.891+ 5. 25+29. 51 
40j95.00.25;18.30j 943 1 . 59!l5 . OO' 82.00!o.64,2.96;+ 2.76;+15.06 
6096. 00. 2511. 97 9211.38;i2.70!l06.090.46i3.76 - 1.18|- 9.85 
80;96 . 3 0 . 23 12 . 25 1062;i . 3314 . 10 115 . 100 . 816 . 61 - 2 . 66; -21 . 71 
6715.40! 87.161.1016.22+ 1.17+ 6.62 

3813.50 76.301.196.72 + 3.01+16.98 
7513.17 78.000.72:4.21+ 2.99!+17.79 

6517.50 86.200.964.731+ 1.84;+ 9.07 
7316.46 87. 

8716.95 96. 

4713.13 66. 


2086. 00.2117. 67 9221. 
6082.50.2017.70 9781. 
3084.70.2016.88 7531. 
3580.50.1720.3010611. 
41,87.70.2118.82 9521. 
8583.70.1816.53 8521. 
66'90. 10.2019.60 8931. 
66:88.80.2418.7510341 
94:83.80. 22:16. 63; 9771 
59188. 90. 2220. 91 1044,1 
.1590.80.2217.78' 9071 
.3090. 60. 21 16.87; 7841 
.8296.00.2717.51' 9851 
.80:92. 80. 3523. 47, 11742 
.7095.6,0.2624.79 87312 
.2095.810.35,33.601335 
.4(^91.0:0.23,34.49,1140|2 


.500.753 

.500.63;3 

.951.437 


.2713.13 71.000.784 
.3513.19 79. 300.83 4 
.36:14.20, 67.900.92,4 
.83:16.60, 93.42i0.92;6 
.84;i4.40 85.400.653 
. 22 : 12.02 68. 609. 673 
.2436.3(1112.051. 416 
27,19.81 80.001.124 


29 :0.7ll 2.7634. 7896. 10.2725. 76112383 
1.40:96. 99. 3l|25.16| 


30 9.45 1.76 

31 il.63| 5.94 
27 9.351 1.07 
39jl.l3; 3.10 
40 2.17; 6.84 


35 0.31 

36 0.31 


38 0.3(1 1.91 


1.77 

1.91 


.53 

.82 

.001' 

.65 

.75 

.61 

.981 


1 

93.00.29|27.45|1216|1 
97. 6i0. 45132. 62ll676j2 


1212,2 


95.7 
90.2 

95.8 

95.4 

95.5 


|0.4136.54|1505il 
p.9331.75;i395il 
0.4117.471 


0.43 


P.4qi6.68 


16.251 


.64i 
137311.11 
.181 


1416 


. 00,22. 80j 66 
.26|28.00108 
. 13125. 80!i 02 
.85122. 50l 81 
.30j38. 56118 

.90j28.60| 78 

|22.901 72 
15.25j 87 
16.701102 


98 : 4 - 
81 - 
30 4- 
164- 
99 4- 
.404- 
.17i4- 
.85;4- 
.82'4- 
. 02 - 
.52 4- 

i 


61,4- 8.52 
05- 0.31 
04' 4-25. 75 
.84*4-24.84 
.6114-15.71 
.79; 4-27. 70 
.264- 1.41 
.824-10.75 
. 82 ' 4-27. 58 
.24i-18.07 
.86 4-15.48 


.15|0. 45 1.31,4-11. 24 4-32. 54 
92i- 4.28'i-16.61 
29';- 1 
14 4- 3 
11 


69j2.04j7. 

14!l.084 

961.4115 

.0210.6912 

.30{0.74j2 

.1510.69,2 


.301.21 
.761.39 

129611. 14|14.80i 94.40k).78 


02 4- 
.17 4- 
93 4- 
.56- 
4.97 4- 


72,- 6.43 
54i4-12.90 
67|-20.13 
2014-19.68 

16.4- 25.68 

01.4- 5.77 
-11.32 
1+ 0.63 


Av.1.38 6.49! 


19. 9p 


91.6 


33.0 


21 . 611 107 1 . 67 17 . 8 I 1 86 . 72|l . 16 


14.63 


1.99 


8.64 


be in error as much as 10 per cent. A portion of the sulfur that is given 
as unaccounted for is undoubtedly volatilized. ' It is important to observe 
at this point, however, that only 4.61 per cent, of the sulfur charged 
may be allowed to enter the metal. Every furnace operator should 
ascertain as accurately as possible the quantity and distribution of the 
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sulfur involved in his particular practice; this information would be 
an important step in determining the best methods of desulfurization. 

Effect of Sulfur Control on the Slag 

In coke practice, the elimination of sulfur is difficult because the 
allowable percentage of sulfur entering the metal is so small. The quan- 
tity of sulfur to be eliminated affects not only the amount of slag that 
must be carried but also its composition. This, in turn, determines its 
free-running or critical temperatme. When comparing the slag volumes 
of charcoal and of coke furnaces, allowance should be made for the fact 
that the quantity of ash in charcoal is small. The average slag volume of 
35 coke furnaces is 1107 lb., while the average for six charcoal furnaces is 
only 530 lb. If desulfurization were essential in charcoal operation, it 
would be necessary to charge enough limestone so that the ratio of bases 
to acids would be approximately 1. As desulfurization is unimportant, 
charcoal slags may have a ratio of bases (CaO + MgO) to acids (AUOs + 
Si02) as low as 0.4; 530 lb. of charcoal slag will contain 379 lb. of acids and 
151 lb. of bases. To get a neutral slag, it is evident that the slag weight 
per ton of metal would be double the weight of the acids (379 lb.) or 758 
lb.; this indicates a saving in slag volume due to the use of an acid slag. 
Because of the relatively small amount of sulfur and ash that charcoal 
contains, Sweetser^ says, ^'It is safe to count on a saving of 400 lb. of 
fuel in favor of charcoal compared with coke.'' 

As has been pointed out, the amount of sulfur to be eliminated by the 
slag makes it necessary to adjust its composition, as well as its quantity. 
Sl^ composition and critical temperature are so closely related that they 
will be discussed together. Table 3 contains operating data from six 
charcoal furnaces and includes the results of several thousand pyrometric 
observations of the slag and metal as tapped from the furnace and of that 
part of the combustion zone visible through the tuyeres. The slag and 
metal, which collect in the crucible between casts and flushes, constitute 
the chief source of heat to that part of the furnace below the tuyeres. 
The theory that slag having a high ratio of bases to acids will increase its 
free-running temperature and produce a hot hearth is one of the old 
principles of furnace burdening. A siliceous slag, such as those used in 
charcoal furnaces, fuses higher in the furnace than would a more basic 
slag. It is therefore heated less because of the short time it remains in 
the preheating zone. The ash from the fuel exerts little influence on 
either the quantity or the composition of charcoal-furnace slags. On the 
contrary, the slag in coke practice, as it exists in the fusion zone, is highly 
basic and remains so untfl mixed with coke ash released at the tuyeres. 
That part of the slag derived from the coke ash, liberated in the hottest 


* Charcoal and Coke as Blast Furnace Fuels, Trans. (1909) 89 , 228. 
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Table 3. — Operating Data from Charcoal Furnaces 



Furnace Dimensions 



Charge 




1 



1 

Weight of Material j 
per Ton of Metal • | 


Analyses 


Furnace 

Number 


Bosh 

Hearth 

Charcoal 1 

Ore 

Height, 1 
Feet 

Diam- 

Diam- 









eter, 

Feet 

eter. 

Feet 

Ore, 

Pounds 

Char- ' 
coal,* j 
Pounds 

Stone, i 
Pounds 1 

1 i 

Fixed ! 
Carbon, 
Per 
Cent. 

Ash, 

Per 

Cent. 

Iron, 

Per 

Cent. 

SiOs 

and 

AlsOa, 

Per 

Cent. 

1 

60 

12.0 


4069 

1931 

155 

75.90 

1.32 

50.6 

10.46 

2 

60 

12.5 

6.4 

4102 

2165 

1 271 

74.64 

1.00 

51.3 

8.94 

3 

60 

12.0 

7.2 

4210 

1768 

‘ 42 

79.78 

1.03 

51.3 

9.40 

4 

70 

12.0 

i 7.0 

4250 

2160 

1 410 

75.61 

1.70 

51.9 

8.32 

5 

60 

11.6 

I 6.0 

4300 

2088 

256 

77.29 

1.26 

51.7 

8.85 

6 

62 

15.0 

10.2 

4150 

1640 

1 

' 269 






* Bushel of charcoal taken as 20 lb. 


Operating conditions 


Wind 



Temperature 



Furnace 

Number 

Pounds 
Charcoal 
per Square 
Foot 
Hearth 
Area per 
Minute 

1 ^ 

1 

Pressure, 
Pounds 
per Square 
Inch 

! 

Blast, 
Degrees F. 

1 

i 

Top, 

Degrees F. 

Tuyere, 
Degrees C. 1 

Slag, 

Degrees C. 

! 

Metal, 
Degrees C. 

1 


4.0 

950 

350 




2 

2.49 

3.3 

920 


1682 

1454 

1405 

3 

2.17 

4.5 

980 

450 

1611 

1485 

1413 

4 

4.37 

5.0 

1050 


1710 

1440 

1423 

5 

2.47 

4.0 

700 


1687 

1413 

1398 

6 

1.67 

5.3 

1174 

400 

1655 

1465 

1435 


Products 


Furnace 

Number 

Metal. Per Cent. 

Slag, Per Cent. 

Tons 

Si 

S 

Mn 

P 

SiOs 

AlsOt 

CaO 

MgO 

S 

Mn 

Fe 

1 

1.35 

0.024 

0.50 

0.184 

54.78 

11.97 

22.7 

2.64 


1.40 

1.60 

87 

2 

1.42 

0.013 

0.55 

0.186 

43.00 

18.55 

32.0 

2.45 

0.11 

1.02 

0.19 

52 

3 

1.19 

0.015 

0.62 

0.169 

46.60 

19.00 

27.5 

3.11 

0.11 

1.76 

0.21 

70 

4 

1.53 

0.020 

0.48 

0.162 

46.25 

17.00 

24.4 

9.43 

0.09 

2.48 

0.41 

112 

5 

1.25 

0.018 

0.54 

0.175 

47.27 

19.10 

26.8 

2.68 

0.14 

2.64 

0.21 

1 48 

6 

1.88 

0.015 

0.93 


44.50 

17.60 

35.8 

2.20 

0.11 



112 
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part of the furnace, raises the temperature of the final slag. In coke 
practice, this portion amounts to 20 per cent.; while in charcoal practice 
it is only 5 per cent. 

In the following summary, the temperatures measured at forty-eight 
coke furnaces are compart with the charcoal temperatures given 
in Table 3: 


Tutbrb, Slag, Mbtal, 

Fuel DsaRfiBS C. Dbqbbbb C. Dbgbbbs C. 

Coke 1708 1626 1472 

Charcoal 1669 1451 1415 


39 75 57 

These temperatures afford the only readily available means of arriving at 
what has been commonly referred to as “hearth temperature." It is 
evident that this expression is indefinite for the hearth is often taken to 
refer both to the plane of the tuyeres and to the portion of the furnace 
below this level where the slag and metal collect. It is apparent from 
these figures that the temperatures of the tuyeres, slag, and metal, in 
these two cases, show a general relationship to one anotW, but it is not 
evident that a decrease in tuyere temperature produces a corresponding 
reduction in the temperature of the slag or of the metal. Although the 
average tuyere temperature of charcoal furnaces is only 39® below that of 
the coke furnaces, the temperature difference is 75® for the slag and 67® 
for the metal. In his study of critical temperatures, Johnson concluded 
that the slag controlled the temperature of the metal. The temperature 
measurements reported here corroborate Johnson’s conclusion. 

SuLFUE, Slag Volume, and Fuel Consumption 

It has been pointed out, by a comparison of charcoal and coke practice, 
that' sulfur plays an important role in the blast-furnace process. Oper- 
ators of course realize the advantage in using materials low in sulfur. It 
seems worth while, however, to point out the probable cost of the fuel 
necessary to eliminate about 95 per cent, of the total sulfur entering the 
furnace. The average slag volume of the thirty coke furnaces in Table 2 
is 1107 lb. If desulfurization were not essential, coke furnaces could 
carry as siliceous slags as charcoal furnaces; this would effect a threefold 
benefit — ^a saving in stone, a lower slag volume, and a lower critical tem- 
perature. The range of slag volumes of the thirty-five furnaces extends 
from about 800 to 1700 lb. It might be suggested that a given amount of 
slag is necessary to proper fimctioning of the furnace. 

It is recognized that furnaces which are run too "dry" may cause 
considerable trouble if the amount of slag is insufficient properly to main- 
tain the hearth temperature. It is obvious that about 550 lb. of acids 
is contained in the 1100 lb. of the neutral slags recorded in Table 2. 
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If sulfur could be ignored, as is done in charcoal practice, a basicity ratio 
(bases to acids) of 0.4 could be used. Only 220 lb. of bases would be 
necessary to form this slag and the resultant slag volume would amount 
to only 770 lb. — a decrease of 330 lb. of slag. In addition to the slag 
required in fluxing the gangue and coke ash, about 300 lb. of extra slag 
must be used to eliminate properly the sulfur. 

The writer has recently given a relationship which shows* that 0.46 
lb. of carbon is required to melt 1 lb. of slag; this is equivalent to 0.52 lb. 
of coke containing 86 per cent, fixed carbon. Aside from the cost of stone, 
the elimination of sulfur is directly responsible for 150 lb. of extra coke. 
On a basis of 2000 lb. of coke per ton, this is a 7.5 per cent, increase in fuel 
consumption and causes a 7.5 per cent, loss of tonnage. 

In the manufacture of pig iron, 41,976,171 tons of coke was consumed 
in 1921. The sulfur in coke cost the resources of the country approxi- 
mately 3,000,000 tons of fuel during that year; this illustrates the 
importance of the sulfur problem in present blast-furnace practice; in the 
future, it will assume greater importance because the use of fuel higher in 
sulfur content will be necessary. These principles have a direct bearing 
on the proper valuation of metallurgical coke. They also emphasize 
the importance of supplying the blast-furnace superintendent with low- 
sulfur coke if he is expected to operate on a low fuel consumption. 

The sulfur balance in Table 2 indicates that most of the sulfur must 
be removed by the slag. The quantity of sulfur discharged from the 
furnace, of course, is equal to the product of the slag volume and the per- 
centage of sulfur it contains. The sulfur content of the slag, however, is 
not a constant. It will depend on the temperature, volume, basicity, 
alumina, and manganese content of the slag. The temperature, in its 
turn, depends on a number of operating factors, particularly on the bur- 
den and the composition of the slag. A basic slag promotes desulfuriza- 
tion, because it attains a higher temperature and because it is chemically 
more active as a sulfur solvent. The furnace operator, in attempting to 
produce low-sulfur metal, has to deal with a large number of interrelated 
factors and finds it is difficult sometimes to make proper adjustments 
among them. 

Charcoal practice furnishes a good example of slags that are [^ceous 
and at the same time possess little desulfurizing power. These acid 
slags carry off little more than 40 per cent, of the sulfur present. The 
sulfur in slags received from five furnaces now in operation averages 
0.104 per cent. In view of the complexity of the desulfurization process, 
records of furnace operation guided by experience and judgment fur- 
nish the best available basis for conclusions regarding the relation 


• How Sltca Affects the Cost of Pig Iron. Iron Trade Rev. (Jan. 24, 1924), 288. 
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between the sulfur charged and the amount of slag necessary for its 
proper elimination. 

SuiiFUB IN Fuel and Slag Volume 

The weight of slag made in producing one ton of pig iron can, in 
general, be taken as a measure of the sulfur present in the raw materials. 
If a large quantity of sulfur is to be eliminated, a large slag volume must 
be carried or the sulfur content of the slag must be high. In adjusting 
slag volumes, furnace operators bear in mind the maximum quantity of 
sulfur with which they may have to contend. Operators using high- 
sulfur coke must guard i^ainst higher peak conditions. In individual 
cases, the maximum sulfur in the coke might be considerably in excess of 
the average sulfur. In such a case, the slag volume would appear out of 



proportion with the sulfur in the coke. Operating data from thirty-six 
furnaces indicate that a rather definite relation exists between slag 
volume and the percentage of sulfur in the coke. To determine this 
relation, two factors (slag volume and sulfur in the coke) have been 
isolated. Thirty-six furnaces were arranged in order of increasing sulfur 
in the coke, divided into four groups, and the slag volume and per cent, 
sulfur for the representative groups were averaged. These averages are 
given in Table 4 and plotted in Fig. 1, each point on the curve represent- 
ing the dag volume and percentage of sulfur in the coke for nine furnaces. 
In badng conclusions on relations worked out under actual operating con- 
ditions, various factors covering individual practices are taken into 
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account. The blast>fumace process consists generally of a large number 
of intep-related factors and it is especially advisable that any conclusions 
regarding blast-furnace problems have as a background operating data 
representing a variety of conditions, as well as the judgment and 
experience of a number of operators. 


Table 4. — ReUUion between Percentage of Sulfur in Coke and Slag Volume 


Group 1 

Group 2 

Group 3 

Group 4 

Furnace 

Number 

Per Cent. 

Sulfur in Coke 

Slag Volume, 
Pounds 

tl 
11 
« a 

O"* 

Furnace 

Number 

Per Cent. 

Sulfur in Coke 

Slag Volume, 
Pounds 

Coke Con- 
sumption, 
Pounds 

Furnace 

Number 

Per Cent. Sul- 
fur in Coke 

Slag Volume, 
Pounds 

Coke Con- 
sumption, 
Pounds 

Furnace 

Number 

Per Cent. Sul- 
fur in Coke 

Slag Volume, 
Pounds 

_ - 

Coke Con- 
sumption, 
Pounds 

15 

0.61 

921 

1893 

23 

0.76 

022 

1895 

10 

0.89 

943 

1952 

29 

1.20 

1238 

2067 

16 

0.61 

1062 

1932 

48 

0.76 

1034 

2193 

U 

0.89 

085 

1892! 30 

1.20 

1212 

2031 

25 

0.76 

753 

1875 

38 

0.80 

1296 

1742 

6 

0.00 

905 

1907 i 31 

1.20 

1216 

2129 

32 

0.76 

052 

2160: 4 

0.82 

798 

1704 

17 

1.14 

1161 

1920i 28 

1.30 

1395 

2205 

34 

0.76 

893 

• 

2 

0.83 

911 

1720 

20 

1.15 

1012 

2160; 22 

1.43 

1110 

2195 

50 

0.76 

1044 

• 

; 9 

0.83 

907 

1950 

49 

1.16 

977 

1834 

27 

1.45 

1676 

2195 

33 

0.76 

852 

1955 

1 12 

0.83 

784 

1845 

5 

1.18 

1467 

2085j 39 

1.50 

1505 

2332 

24 

0.76 

978 

1928; 36 

0.86 

1416 

1802 

1 

1.18 

1366 

2450 40 

1.50 

1504 

2460 

26 

0.76 

1061 

1907 

! 37 

0.86 

808 

1736 

3 

1.20 

1389 

2070 

« 

1.50 

1616 

2462 

Av.... 

0.72 

046 

1950 

1 

: Av.. 

0.81 

986 

1843 

Av. . 

1 1 

1.07 

1 

1133 

! 

2030 Av.. 

1 

1.361 1385 

j 

2230 


* Omitted from average because some factor other than sulfur in coke had a marked influence on 
coke consumption. 


It is necessary to carry additional slag when using high-sulfur coke, 
as the following calculations show. A furnace using 1 per cent, sulfur 
corresponds, on the curve, to a slag volume of 1100 lb. This quantity 
of slag would require, according to Fig. 2, a fuel consumption of approxi- 
mately 2000 lb. This fuel will contain 20 lb. of sulfur. The ore, accord- 
ing to Table 2, will introduce 1.38 lb. of sulfur, making a total of 21.38 
lb. chaiged in the furnace. The sulfur in the stone is so small that it can 
be neglected. If the sulfur in the pig iron is 0.03 per cent., 0.67 lb. will 
be incorporated into the metal. A 10 per cent, loss by volatilization will 
leave 18.57 lb. of sulfur, which must enter 1100 lb. of slag, producing 1.69 
per cent, sulfur in the slag. The sulfur in the average dag, in Table 2, 
is 1.67 per cent.; the maximum sulfur in the slags, as given in the table, is 
2.30 per cent. The writer does not wish to give the impression that desul- 
furization could not be accomplished with a smaller dt^ volume; for 
purposes of calculation the average values are more nearly representative. 

The lower curve in Fig. 1 shows that as the sulfur in the coke increases, 
it is necessary to carry additional slag volume. From a study of operat- 
ing data, the writer has recently developed a relation between slag volume 
and coke consumption; this relationship is shown in Fig. 2. The upper 





462 


EFFECT OF StJliFOB ON BliASIVFURNACE PROCESS 


curve in Fig. 1 is readily derived, knowing the extra slag necessary for 
additional sulfur and the coke which, in turn, is required to melt the slag. 
The actual coke consumptions for each of the furnace groups appearing 



in Table 4 are plotted in Fig. 1; the agreement between the points and the 
curve is shown to be satisfactory. 

Sulfur in C,oke and Cost of Iron 

From these relations a diagram. Fig. 3, has been developed showing 
the effect that sulfur in coke has on the cost of pig iron. Coke containing 
1 per cent, sulfur has been taken as a base line and the change in the cost 
of making pig iron is indicated for fuel at four prices. The rate of blow- 
ing on a 500-ton furnace has been considered constant and a fixed annual 
charge of $400,000 has been assumed for labor, investment charges, main- 
tenance, repairs, etc. Increased coke consumption with a constant rate 
of blowing decreases tonnage. The fixed charges have, therefore, been 
distributed accordingly. The cost of stone at the furnace has been taken 
as $1.40 per ton and the quantity required taken from Fig. 1. It is now a 
simple matter to write down the (fiianges in cost of iron made from coke 
vaiying in price and in sulfur content. A diagrammatical representation 
of this, such as appears in Fig. 3, may be of some value. 

It is unlikely that means will be found of entirely eliminating sulfur 
from coke or of preventing its incorporation into pig iron during the blast 
furnace process. Powell^ has obtained some interesting information on 

' A. R. Fowdl: The Forms of Sulfur in Coke. Jrd. Amer. Chem. Soc. (1923) 4S, 
1-15. 
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the forms of sulfur in coke and a more recent study* by Powell 
and Thompson shows the possibilities of desulfurization by steam. An 
investigation is now under way in the southern district, which involves 
the removal of stock samples from various positions between the stock 
line and tuyeres of a commercial furnace to ascertain where sulfurization, 
as well as desulfurization, takes place. In making a study of the sulfur 
problem, it is important to know what saving can be made through the 
use of low-sulfur fuel. Any expenditures made to eliminate sulfur can 



only be justified by the increased value of low-sulfur coke. Information 
concerning the relative value of coke containing varying amounts of 
sulfur is also of value in directing the development of new coal fields for 
metallurgical purposes. 

DISCUSSION 

R. Franchot,* Washington D. C. — One of the interesting points 
brought out in this paper is the relatively immense weight in the furnace 
economy of an element present in midute quantity. Of the materials 
put throu|^ the furnace, including the air, sulfur constitutes perhaps 

•Vice-president, Ferro-Chemicals, Inc. 

‘ A. R. Powell, and J. H. Thompson: A Study of the Desulfurisation of Coke by 
Steam. BuU. 7, Goal-mining Investigations under Auspices of Cam^e Inst, of Tech- 
nology, Bureau of Mines, and Advisory Board of Coal-mine Operators and Engineers, 
1923. 
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0.15 per cent., by wei^t, and tbe author estimates that 7.5 per cent, of 
the cdce is directly chargeable to the sulfur by reason of the increased slag 
volume involved in sulfur removal. There are grounds for thinking that 
sulfur is responsible, directly or indirectly, for an even greater proportion 
of the coke consumption than 7.5 per cent. The author’s figure is 
derived from studies of the variation in coke consumption with variation 
in slag ratio. It would seem, as sulfur removal is known to necessitate 
also slag basicity and a high hearth temperature, and as these two factors 
require the combustion of a certain amount of coke with air, sulfur may 
account for a greater proportion of the coke than that which can be 
figured from the increased slag volume alone. For example, assuming 
100° C. higher hearth temperature with a 50 per cent, slag ratio at 0.2 
specific heat for iron and 0.33 for slag, the additional heat required in the 
hearth may be taken as 36 pound-calories, or centigrade thermal units, 
per pound of iron. With a usual blast heat and moisture content and 
hearth temperature at 1500° C., the hearth-available heat is about 1000 
calories per pound carbon burning with air. Hence, each 100° rise of 
hearth temperature may be estimated to involve 0.036 lb. carbon per 
pound pig, which with 20 per cent, solution loss and 85 per cent, fixed 
carbon in the coke amounts to 0.05 lb. coke per pound pig, or 112 lb. coke 
per ton. The effect of basicity on coke consumption is not readily 
figured, but the limiting influence of this factor on the burden is well 
recognized in operating practice, and especially when high silicons 
are required. 

It is interesting to note that the author’s empirical constant, 0.45 lb. 
carbon per poimd of slag, for the coke consumed in making slag is, from 
one point of view, in remarkable agreement with theory. The heating 
work involved in slag production may be taken to comprise 550 calories 
per pound as the total heat of slag with 400 calories as the heat absorbed 
in calcining 90 per cent, of limestone, less 80 calories for slag formation, 
a total of 870 calories per pound slag as it is made in the furnace. The 
heat developed in the combustion of coke with air under usual furnace 
conditions, assuming 600° C. blast heat, 4 grains humidity, and 20 per 
cent, solution loss, may be estimated at 3280 calories per poimd carbon, less 
128 calories for moisture decomposition and allowing 630 + 648 = 1278 
calories for the deficit of heat due to 20 per cent, solution loss (COa -|- C 
= 2CO — 38,880 calories, leaving a net heat development of 1874 
calories per pound coke carbon as charged. It should therefore require 
= 0.464 lb., carbon to make a pound of slag, a calculated 
coke ratio that is strikingly concordant with the author’s statistical 
constant. 

Frmn the standpoint of the hearth, however, there would not seem to 
be any such clear theoretical basis for the observed coke consumption iil 
making sh^. The heat available at a hearth temperature of 1500° C. 
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for a 600® blast heat and 4 grains humidity — allowing 2700 calories for 
the heat carried up in the gases and 650 calories for that brought down in 
the carbon — ^is 1102 calories per pound carbon burning with air. With 
20 per cent, solution loss, the figure becomes 881 calories per pound coke 
carbon as charged. A ratio of 0.45 lb. carbon per pound slag indicates 
396 calories as the heat available in the hearth per pound slag. This is 
72 per cent, of the 550 calories total heat in the slag, and it is clearly 
impossible that any such proportion of heat remains to be imparted to 
the slag after it has been in the furnace for from 10 to 15 hr., and has 
reached the combustion zone. 

It seems to be an observed fact that the slag is largely melted well 
above the combustion zone, and it may possibly be assumed that only 
the final superheat of say, 200® C. at 0.033 specific heat, or 66 calories per 
pound, fairly measures the heat absorption in the hearth due to the slag. 
With such an assumption, a hearth efficiency of 17 per cent, of the theoret- 
ical is indicated. In other words, the coke constant may be explained 
by the necessity of supplying a very small quantity of hearth heat at very 
low efficiency. 

As it may be taken for granted that the low fuel ratio in charcoal 
furnaces, as compared with coke practice, is to be accounted for by 
a substantial difference in the hearth conditions, and as it is clear that 
the introduction of sulfur in the coke not only necessitates an increase 
of the hearth heat requirements per pound of pig, but also, as pointed out 
by Johnson, involves a smaller margin of hearth-available heat per pound 
of coke, and further, as it now appears that the efficiency of utilization 
of the hearth heat is very low, it may safely be concluded that the sulfur 
in the doke is a primary underlying factor accounting for the relatively 
large fuel consumption in coke furnaces. 

C. A. Meissner,’" New York, N. Y. — Do I understand that you base 
the amount of slag entirely on the sulfur content of your coke? 

T. L. Joseph. — ^Yes. 

C. A. Meissner. — ^What data have you as to other conditions, such 
as increased ash in coke, increased silica, etc., in the ore mixtures, that 
naturally affect the slag production quite seriously? 

T. L. Joseph. — Those factors varied. In some cases, the ash in the 
coke increased with the sulfur; that, perhaps, was the general tendency. 
It seemed to be a natural condition that the people operating on high- 
sulfur coke had a high-ash coke and also, per^ps, rather lean ore mix- 
tures. However, increased sulfur in blast-furnace fuel must be eliminated 
by using a larger slag volume or by increasing the per cent, of sulfur in 
the slag. We know it is possible, by changing the basicity of the slag, to 
increase the amount of sulfur eliminated, but the data I have indicate 
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that most blast-furnace men prefer to work with acid slags if possible. 
They do not like bade slag, s<j they seem to work very much in the same 
range as far as the sulfur-canying capacity goes. 

Ralph H. Sweetser,* Columbus, Ohio. — The question of the right 
kind of iron does not depend on the blast furnace only, it goes back to 
the coke works and the coal mine. The question of the amount of carbon 
there will be in the pig iron is tied up with the amount of ash and sulfur 
in the coal used for the coke for that particular blast furnace. 

In blast-furnace practice we lack the evaluations of slag and sulfur 
and carbon; we have no yardstick for measuring. 

The question has been asked, how much control has a blast-furnace 
man over the carbon? In the past, he had practically no control because 
he did not know how it got in there. It was my good fortune to have 
supervision of some tests on blast furnaces a year ago last May, and 
during the first half of last August, when I was able to get actual tempera- 
ture of the iron as it came out of the blast furnace with a platinum- 
rhodium pyrometer, also readings with an optical pyrometer. We 
believe that the thermocouple records are as near right as can be had. 

We found that the lower sulfur coke had lower temperatures for the 
same composition of iron and had less total carbon, but how much less 
we are not ready to say. We do not know just how that follows through, 
but we took the temperature of the iron for two weeks, every cast, night 
and day; we also took observations every 60 sec. as the iron was running, 
and many samples of every cast of iron. The observations show that 
carbon is governed a great deal by the basicity of the slag. 

Blast-furnace men try to keep away from basic slag because of the 
excess fuel it takes. A very limy slag requires much more coke per ton 
of pig iron than the simple slag. But simple slags will not carry off 
enough of the sulfur. 

I question the statement that 65 lb. of extra slag is required for 0.1 
per cent, increase of sulfur. Starting with 2000 lb. of coke and 1 per cent, 
of sulfur, then 0.1 per cent, of sulfur is going to be only 2 lb. and as each 
poimd of sulfur will require about 3% lb. of limestone, that 2 lb. of sulfur 
will add about 7J4 lb. of limestone. There is a connection between the 
composition of the slag and the calcium sulfide that has not been suffi- 
ciently brought out in the investigations, and it will be worth while in a 
study of the Bureau of Mines to find out the driving force.^' 

Is there not some ^'driving'' force inside the blast furnace that affects 
the amount of sulfur, and the temperature and the composition of the 
slag? Some combination that can be stated as pounds of coke, pounds 
of sulfur, and going back to pounds of coke. 

The question of the elimination of sulfur in the blast furnace must be 
worked out by the blast-furnace men, the coke-oven men, and the coal 
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operators, and any one who can evaluate and put it into terms of dollars 
per ton of coal will do the whole industry a great service. 

C. H. Hebtt, Jr., Lackawanna, N. Y. — ^As to why 2 lb. of sulfur 
requires 7 lb. of limestone and 65 lb. of slag, I take it that the sulfur is 
eliminated in the blast furnace by a reaction something like this; the 
sulfur in the iron, plus the CaO in the slag form calcium sulfide plus 
iron oxide. 

Is it not true that if we have a slag containing a certain amount of 
acid in a basic furnace there is going to be a definite ratio between sulfur 
and slag and sulfur and iron corresponding to a definite basicity, or what* 
ever we want to call it? If we add 2 lb. of sulfur to the iron and 7 lb. of 
limestone to the slag, we have increased the sulfur in the iron greatly, but 
we have not increased the basicity of the slag very much. In other 
words, 7 lb. of limestone going into the slag does not mean a direct increase 
of 7 lb. of base in the slag. If there is 45 per cent, lime in the slag, the 
slag is not 45 per cent, basic. The chances are it may be 10 per cent, 
basic, because most of that lime is held by the silica, and if we add 7 lb. 
more of the limestone some of it is going to be taken up by silica in the 
slag, and possibly 10 per cent, of that 7 lb. is going to be free to act on 
the sulfur. In other words, there must be excess lime over that required 
to hold the sulfur simply because the basicity of the slag is not determined 
by the total amount of base in it, but by the ratio of bases to acids. It 
may be 7 lb. of total base and not free base, and the free base is the thing 
needed to free the sulfur. 

Ralph H. Sweetser. — ^What has the sulfur to do with the slag? 
Only enough limestone to take care of the sulfur is to be added; that is 
7 lb. is to be added and there are some impurities in the limestone. 

C. H. Hertt, Jr. — That is the point — silica and limestone combine in 
any proportion at all. If the temperature is high enough silica and 
limestone will be fused in any proportion. If a slag contains a definite 
amount of lime and silica and lime is added the slag will absorb the lime, 
and as you have a much more weakly held lime it is going to absorb the 
sulfur. Sulfur and silica are both fighting for the lime; at the same time 
the lime is fighting for the sulfur and silica. 

I. E. Waechter,* New York, N. Y. — The controlling of the carbon 
content in pig iron is analogous to controlling the carbon in cast iron. 
Many years ago a German chemist, Wuest, worked out the relationship 
of carbon to some of the elements. There is a definite relationship 
between the total carbon present in pig iron and the silicon. In other 
words, if the sum total of carbon and silicon is a constant value, the higher 
the silicon the lower is the carbon, and vice versa. It seems to me in 
those tests silicon ought to be taken into consideration as well as the sulfur. 


Metallurgical Engineer, General Chemical Co. 
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F. N. Speller,"' Pittsburgh, Pa. — Some years ago we made a thorou^ 
investigation of this subject with reference to welding and recorded tire 
lesuMs of flange tests on a series of open-hearth heats that ran about 0.06 
per cent, sulfur, and another parallel series where the sulfur was forced 
down to about one-half of that in the previous lot. Each of the tubes 
was subject to two flanging tests, so that we had a very complete record 
of these heats. It costs something to remove sulfur, and it appears to be 
deleterious to the welding quality of steel to force the sulfur below a 
certain pdnt. The investigation reported by Mr. Herty has been well 
worked out and contains valuable information. It seems important 
however, that the reader should not get the impression (which I am sure 
the author did not intend to give) that it is always desirable to get the 
sulfur down as low as possible. 

T. T. Read, Washington, D. C. — We start with the sulfur in the coke, 
not in the iron ore; during reduction the sulfur gets into the iron and you 
must get it out of the iron before you get the iron out of the blast furnace; 
this is done by a sort of a washing process. The slag is the thing that 
does the washing. Assuming that the slag is carrying all the sulfur it 
can, you must have more slag to improve that washing operation suffi- 
ciently to take away any extra sulfur and still have the finished iron at 
the bottom within the tolerable limit. 

I. E. Waechteb. — In a recent article on the desulfurization of cast 
iron, Mr. Vile, of the Griffin Wheel Co., tells of a number of experiments 
made with the desulfurizing compound perfected by some German. 
He found, by analysis, that this material was very largely (probably 90 
per cent.) soda ash and consequently carried out some of his experiments 
with pure soda ash, which worked almost as well as the compound. The 
compound was added after the cast iron was drawn from the cupola, and 
anal 3 rses were made of samples taken periodically right from the ladles 
as they were poured into various castings. The pouring was carried on 
throughout the day and it was found that, at first, before the reaction 
was carried to completion, the desulfurizing was not very great. In other 
words, samples from ladles to which no desulfurizing compoimd was 
added showed about tiie same sulfur content as the first samples of the 
iron taken from the ladles containing the desulfurizing compound. As 
tile pouring progressed, the sulfur content went down in the cast-iron 
samples; toward the end of the day, however, the sulfur rose in the 
treated samples. According to the conclusions of the author, this 
happened because the slag was allowed to remain on top of the ladle, 
which by that time became saturated with sulfur, in consequence of 
which no further desulfurization could take place. 


* Metallurgical Engineer, National Tube Co. 
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C. A. Meissner. — We should be careful about stating at what sulfur 
limits the results mentioned in this paper really take place. In our 
practice, where we have a great many furnaces under very different 
conditions, where sulfur has run in the coke from, well say, about 0.65 to 
0.70 per cent, and in some cases about 0.85 or 0.90 per cent., we do not find 
any of the deleterious results that are here stated to occur in those furnaces 
that have the higher sulfur coke. 

I presume when the sulfur runs about 1 per cent., these figures will 
begin to show and show materially where they run more than 1 per cent. 
In the first place, there is always margin enough in our practice to over- 
come these differences, and we have the practical results in some of our 
very large plants where the coke consumption is about the same in both 
cases from month to month. The tonnage is about the same; in fact, 
just recently one of the large plants having about 0.90 or 0.95 per cent., 
sulfur coke has been running practically a record for a period of several 
months and the coke consumption has been fully as low, in fact, lower 
than some of the plants that had lower sulfur coke. In all calculations 
such as these, there are certain limitations that, particularly in a blast 
furnace, are covered by the necessary margin they carry. 

In the case of the smaller furnaces, where the sulfur content of the coke 
is 1 per cent, and over, the figures here given are going to approximate 
actual results, and the coal and coke suppliers should make every possible 
effort to reduce the sulfur content by clean mining of the coal, or the 
proper cleaning of it before it is coked. 
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Chemical Equilibria During Solidification and Cooling of 

White Cast Iron 

Bt H. a. Schwartz, M.E.* and (Mbs.) Anna Nicholson HiBD,t 
Clevbland, Ohio 

(New York Meeting, February, 1925) 

Op the outstanding investigators of the system iron-carbon-silicon 
Gontermann/ Charpy and Comu-Thenard,* and Honda,* only the first 
touched on the chemical composition of the solid and liquid phases in 
equilibrium with one another. He concluded that his data did not permit 
a decision as to which of an indefinitely large number of pairs of com- 
positions of liquid and solid would be found in any given case. 

If through the three dimensional equilibrium diagram of the iron- 
carbon-silicon system an isothermal plane is passed in the region of partial 
solidification, two lines of intersection with the liquidus and solidus, 
respectively, are obtained, also a point marking the alloys’ composition. 
If, in this plane, a straight line is drawn through the point, and intersect- 
ing both the liquidus and solidus isothermals, the two intersections mark 
a liquid and a solid alloy that may be chemically in equilibrium at the 
chosen temperature. From thermal data alone, Gontermann could not 
assign any particular direction to the line and, hence, could not determine 
which pair of conjugate points to choose. 

A separation of the liquid and solid for analysis, obviously, presents 
grave experimental difiBiculties. During the solidification of white cast 
iron, austenite of progressively higher carbon will separate as the tem- 
perature falls and cementite will appear suddenly at the freezing point 
of the eutectic. This cementite will be accompanied by a corresponding 
amount of austenite which, for our purpose, will be chemically inseparable 
from the primary austenite. We have attempted to decide on the 
conditions at the end of the freezing by a chemical separation applied 
to the solid metal. 

* Manager of Research, The National Malleable and Steel Castings Co. 

t Research Chemist, The National Malleable and Steel Castings Co. 

^ Iron-Silicon-Carbon Alloys. JrU, Iron and Steel Inst. (1911) 68, 421. 

* Researches on the Iron, Silicon, and Carbon Alloys. JrU, Iron and Steel 
Inst. (1015), 91 , 276. 

•On the Structural Constitution of Iron-Carbon-Silicon Alloys. JtU, Iron 
and Steel Inst. (1023), 197 , 545. 
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Experimental Procedure 

The cementite of various samples of white cast iron was separated 
by the electrolytic solution of the austenite. The electrolyte consisted 
of a 10 per cent, solution of concentrated HCl in water, and was frequently 
changed in order to keep the concentration of FeCU at a minimum. A 
potential of less than 4 volts was maintained between the hard iron anode 
and a platinum or copper cathode, resulting in a current density of not 
over 5 ma. per sq. cm. Too high an acid concentration, potential or 
current density will decompose the cementite. 

As an exact quantitative separation of cementite was foimd impracti* 
cable, because of mechanical losses, an indirect method was adopted. 
The density of the original hard iron was determined by the Archimedean 
principle. A fragment of cementite of suitable size was weighed. The 
surface pores were filled with paraiB^, avoiding as far as possible any 
external layer of measurable thickness, and the volume of the treated 
specimen was determined by the difference of its weight in water and air. 
From this volume and the original density of the metal, its weight before 
electrolysis, and from its final weight, the recovery of cementite may be 
calculated. The necessity for this indirect method is probably the major 
source of error in the accuracy of interpretation of the smalytical data. 

When applied to a moderately rapidly or slowly cooled specimen, this 
method removes the ferrite and leaves behind the eutectic, proeutectoid, 
eutectoid cementite. If, before the separation, the specimen is heated 
above A \ and quenched, the last named will go into solution and the result- 
ing austenite and martensite will dissolve in the subsequent electrolysis, 
leaving eutectic and proeutectoid cementite. It was hoped that by 
quenching from just under the solidus, the latter could be dissolved; 
but this was impracticable because of the rapid decomposition of FesC 
at these temperatures. From the composition and recovery of cementite, 
the composition of the dissolved material can be calculated. In all, 
seventeen specimens of carbide were studied. 

It seems unnecessary to burden this paper with all the data as the 
results point to a quite simple conclusion. Although the analytical work 
was probably correct to a degree of precision consistent with the best 
practice on iron and steel, the errors with respect to cementite recovery 
and the need of obtaining certain values by difference makes it quite 
likely that the calculated analyses contain quite noticeable errors. These 
do not, however, prevent usable conclusions as to the limits approached 
in the reactions. 

Attention is called to the high silicon content of cementite, as com- 
pared with ferrite. The negative value of carbon in ferrite points to a 
cumulative error, but indicates that practically no cementite was dis- 
solved. It is obvious that the manganese and sulfur in the cementite 
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exist substantially altogether as MnS. The small amount of sulfur 
apparently left in ferrite possibly is to be interpreted as representing 
MnB dissolved from the cementite by acid. Nearly all tl^ phosphorus 
(93 per cent.) is found with the cementite. 


Table 1. — CompoaUion of Original Metal, Total Cementite, and Ferrite 
(Average of three typical samples) 



Original 

Metal, 

Per Cent. 

Total 

Cementite, 
Per Cent. 

Ferrite by 
Difference, 
Per Cent. 

Total 

100.0 

41.3 

68.7 

Carbon 

2.63 

6.44 

-0.08 

Silicon 

0.87 

1.58 

0.36 

Manganese 

0.32 

0.26 

0.37 

Sulfur 

0.066 

0.130 

0.023 

Phosphorus 

0.161 

0.341 

0.021 

Mn in excess of MnS 

0.209 

0.04 

0.33 



Table 2 indicates that none of the silicon of the cementite and much 
of its phosphorus is in the eutectoid portion, while the original manganese 
of the austenite distributes in equal concentration between ferrite and 
eutectoid cementite. 

Table 3 shows that in the same casting, in a thin section to ^ in. 
thick) the silico-cementite corresponds to. 0.46 per cent, silicon in the 
hard iron, while in a thicker section (about 1 in. thick) it corresponds 


Table 2. — DistribtUion of Elemenls between Eutectoid and Eutectic and 

Proeutectoid Cementite 



Euteotie and 
Proeutectoid 
Cementite, 

Per Cent. 

Euteotdd 

Cementite, 

Per Cent. 

Ferrite, 

Per Cent. 

Silicon 

1.76 

0.00 

d d c 
1 

Manganese 

0.33 

0.27 

Sulfur 

0.166 

0.00 

Photq>horus 

0.144 

0.68 

0.033 

0.24 

Mn in excess of MnS 

0.06 

0.27 



to 0.77 per cent. Unfortunately, the original material was no loi^r 
availabte for analysis because of the loss of certain spedmens. It is 
known, however, from its origin, that the metal was manufactured to 
have a siliocm content of about 0.80 per cent. 
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Table 3. — Effect of Freezing RcUe on Dietribviion of Silicon between 

Auetentite and Eutectic 



Froien Quioldy, 
Per drat. 

r Frosra Slowly, 
Per Cent. 

Recovery of eutectic and proeutectoid cementite 

37.0 

31.0 

Silicon content of eutectic and proeutectoid cement- 
ite 

1.28 

2.48 

Corresponding silicon content of original metal 

0.46 

0.77 


Conclusions 

We believe that the results here recorded as typical of our work war- 
rant the conclusion that during the freezing of the ternary system iron- 
carbon-silicon, the silicon will be rejected to the liquid and will all be 
found in the eutectic cementite, if the cooling is slow enough to permit 
the attainment of equilibrium. 

We are unable to say whether this silicon exists as silico-cementiteor 
as a separate structure of silicide, interlacing with the cementite. Having 
sought in vain for evidence of the latter, we incline to the former explana- 
tion as the simpler. 

Manganese, when present in amoimts of the order of magnitude of 
0.25 per cent., will freeze out with the austenite. Any MnS present will 
freeze out in the very beginning and will be rejected as a floating solid 
particle into the last freezing regions. It becomes trapped in the lede- 
burite as a microscopically discrete constituent. 

Much of the phosphorus separates in a form that is inseparable, by 
our methods, from eutectoid cementite. It appears to have been equally 
soluble in the original cementite and austenite, but to have separated 
from the latter like, or in, the eutectoid cementite at Ax, 

The original austenite contains all the non-sulfide manganese when 
present in small amoimts; this manganese is equally soluble in ferrite and 
eutectoid cementite on passing through Ax. 

DISCUSSION 

N. B. Pilling,* Bayonne, N. J. — ^The last column of Table 1 gives the 
composition of ferrite, which is obtained largely by indirect methods. 
The ferrite contains approximately 0.4 per cent, silicon, whereas the ori- 
ginal metal contains 0.9 per cent. In Table 2 the ferrite has much less 
silicon. What is the difference between the two ferrites? The paper 
shows that these iron-silicon-carbon alloys have two varieties of carbide, 
— one containing silicon and the other substantially silicon-free, the 
silicon-free carbide being present in the eutectoidal part. Is there 
physical, chemical, or any other difference between them; especially is 
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there any difference in tiie rate of graphitisation of the two carbides? In 
Table 2, the authors give no estimation of the carbon contents of these 
three constituents; did they examine the carbon content of the eutectoidal 
carbide which they report as being free from silicon to verify its identity 
as a carbide? 

Ralph H. Sweetser,* Columbus, Ohio. — Table 1 gives the carbon 
content of the original metal as 2.6 and 3 per cent. ; the silicon and sulfur 
are fairly normal but the sulfur is a little bit high. But with 0.87 per 
cent, silicon, it seems that the total carbon is very small. I would like 
to know what kind of pig iron was used. 

H. M. BoYLSTON,t Cleveland, Ohio. — Perhaps I can answer that 
question. They used cupola metal, which is then blown in a small 
bessemer converter and finished in an electric furnace, after adding more 
iron from the cupola. 

Albert Sauveur,! Cambridge, Mass. — It will be a surprise to many 
of us, I think, to learn that so much of the impurities present in white 
cast iron, namely phosphorus, sulfur, silicon, and manganese, is present 
in the cementite and so little in the ferrite. The visualizing of the 
mechanism of the solidification of white cast iron may be, in this connec- 
tion, of some interest. White cast iron, like many other metallic solid 
solutions, crystallizes through the formation of dendritic crystals, the 
axes of which consist of saturated austenite and the fillings of the eutectic 
cementite-saturated austenite. The impurities should segregate in the 
fillings, that is in the eutectic, while the austenite axes should be quite 
free from them. On further cooling, the saturated austenite of the axes 
transforms into proeutectoid cementite and pearlite; and because of the 
relative purity of the axes this proeutectoid cementite, as well as the 
eiitectoid (pearlite) cementite and the eutectoid ferrite resulting from 
the transformation of the axes, should be quite free from impurities. The 
eutectic cementite of the fillings, on the contrary, should be more impure 
as well as the proeutectoid cementite and pearlite resulting from the 
transformation of the eutectic austenite. If these inferences are correct, 
we are led to conceive the presence in white cast iron of pure and impure 
cementite, the former resulting from the transformation of the pure 
austenitic axes of the dendrites, the latter from the more impure fillings; 
and for like reasons it should contain pure and impure ferrite. The 
demonstration of the accuracy of these conclusions by metaUographical, 
chemical, or other means, should prove of considerable interest. 

H. A. Schwartz (author’s reply to discussion). — The difference in 
silicon content of ferrite, alluded to by Mr. Filling, is, no doubt, explained 

* Assistant to Vice-president, American Boiling Mill Co, 
t Professor of Metallurgy, Case School of Applied Science. 
t Professor of Metallurgy, Harvard University. 
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by the fact that the two materials under investigation cooled at different 
rates. As pointed out in the paper, the slower the cooling rate, the more 
silicon appears to be rejected toward the last freezing ingredient; con- 
sequently, the more is found in the eutectic cementite — ^and the less in 
the ferrite derived from the decomposition of primary austenite. 

It is known quite definitely, that the ferrite of low-silicon content 
was derived from a sample of larger cross-section than that of high-silicon 
content, hence that it probably cooled more slowly. The carbon con- 
tents were omitted from Table 2 because the carbon of the ferrite is deter- 
mined only indirectly by the method indicated in the paper. The 
writer’s present recollection is that, as a matter of fact, the carbon con- 
tent of this particular ferrite came out somewhat negative. 

Inasmuch as the method used is subject to the inherent errors pointed 
out in the paper, these several carbon contents were not introduced in 
the table, as we did not wish to lay any stress on whether or not the carbon 
was always exactly theoretical for cementite. As a matter of fact, the 
various varieties of cementite always came out a carbon content of the 
proper order of magnitude for that compound. 

Through the kindness of the Union Carbon Research Laboratories, 
a sample of pure cementite and of silico-cementite were examined ‘with 
the rc-ray spectrometer; both showed the pattern characteristic of 
cementite, as described by Westgren. The silico-cementite showed other 
lines also, which Mr. Bain believes to be due to the presence of iron 
oxides. Opportunity was lacking, however, to follow up the matter in 
great detail, as might have proved quite interesting. 

It is the writer’s opinion that cementite, as such, does not graphitize, 
but that this reaction takes place only after the cementite has gone into 
solid solution The reasons for this viewpoint will be expounded else- 
where. If it be correct, then the composition of cementite should make 
less difference to graphitization than the composition of the solvent 
material. Definite information on this point can not be given. 

Professor Boylston’s reply to Mr. Sweetser is correct; we merely add 
that the chemical compositions, with respect to carbon, are such as may 
be used for various purposes in the manufacture of malleable castings. 
In general, the higher carbon metal here used is not that employed for 
the manufacture of commercial castings of the so-called “certified” 
grade. Most hard irons for such a purpose would run under 2.6 per cent, 
carbon and would be made either as indicated by Professor Boylston, or 
by remelting in the air furnace, mixtures of hard and malleable scrap, 
pig iron, and steel, calculated to give the desired results. 

We are obliged to Professor Sauveur for his exposition of the mechan- 
ism by which variations in the purity of ferrite or cementite may be 
brought about by the process of selective freezing. It is hoped that the 
results we have recorded may serve as partial support for the viewpoint 
he has presented in his discussion. 
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Finishing Melting Temperatures of Simple Ingot Steels 

By Henry D. Hibbard, Plainfield, N. J. 

(New York Meeting, February, 1025) 


The finishing and casting temperature of steel is a subject concerning 
which there is so much to learn that some temerity is required to write 
about it. This paper is, therefore, suggestive rather than dogmatic, 
though the views expressed seem now to the writer to be correct; never- 
theless, they may be modified by future developments or discoveries but 
until then may be of some utility, particularly to beginners in the making 
of steel. Consideration is limited to the temperatures of simple steels, 
also called carbon steels, which are those in which carbon is the only 
element introduced for the purpose of conferring desired physical proper- 
ties. Alloy steels will receive attention later. 

Three things largely determine what a batch of steel really will be; 
viz., composition, casting temperature, and rate of teeming. Each has 
its advocates as being the most important; but they are so interrelated 
that each must conform to or be right for the other two. When one is 
claimed to be the most essential to have right, that, probably, was the one 
that it was found had to be of a certain description, within narrow limits, 
to suit the already adopted variations of the other two; that is, it was the 
last of the three to be brought into line. 

The term casting temperature is rather indefinite as there are 
several temperatures to which the term may be applied. Most writers 
who have mentioned casting temperature of steel have alluded to it in 
relative terms. The few who have given actual temperatures, including 
Langmuir, Burgess, Styii, and Bash, do not give full information about 
them. Their results demonstrate the eflBiciency of pyrometers used 
rather than aid the steelmaker. In order to imderstand and use the 
temperatures, one should know in each case what the steel was, the 
stage at which the temperature was taken, whether it was usual or not, 
and whether or not it was right for that steel at that stage. Wlien these 
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particulars are not noted, it may be proper to assume that the steel 
was of some commercial description, with carbon say between 0.3 and 
0.5 per cent., and was at about its usual and proper temperature. Such 
assumptions, however, are not wholly dependable. 

Classification op Steels 

For the proper consideration of casting temperatures, all steels should 
be divided into three classes: killed steels, which settle in freezing and 
contain no gas holes; partly killed steels, which contain some gas holes 
that are more or less harmful; and effervescing steels, which evolve gas 
freely in the molds. Steels of these classes behave differently from each 
other, with variations of casting temperature. 

Pouring Temperatures 

It is well known that for pouring any given ingot of a given steel 
there is a proper, best, and ideal temperature for the metal. A second 
temperature at which serviceable steels of certain of the harder grades 
may be cast will be referred to later. Too great, yet moderate, deviation 
from either of these temperatures, above or below, will lead to some 
degradation in the quality of the product. 

Though the fact will be admitted, the reasons why an ‘'off tempera- 
ture is harmful are not fully known. It is diflScult to see how a variation 
in temperature can affect the quality of the metal per se and probably 
such a variation does its work more on the non-ferrous ingredients (solid, 
liquid and gaseous) than on the metal itself. 

The effect of temperature on crystallization, and particularly on the 
formation of “chill’’ dendrites in the outer metal, is most important. 
The hotter the steel as it enters the mold, the longer time these 
dendrites will be in forming, the larger they will be and the more com- 
pletely the freezing metal in forming them will reject the non-ferrous 
substances it contains, both solubles and insolubles, causing them to 
collect along the grain boundaries where they form relatively weak inter- 
facial layers. The non-ferrous soluble substances include carbon, sulfur, 
phosphorus, and oxygen, combined with iron as carbide, sulfide, phos- 
phide, and ferrous oxide, all but the carbide being harmful. The insolu- 
bles are chiefiy oxides of iron, manganese, and silicon, more or less 
completely combined as silicates, and sulfide of manganese; they are 
all harmful. 

This concentration of the impurities along the crystal or grain boimd- 
aries is quite enough to account for inferior quality and to cause the steel 
to crack in hot-working. The more the impurities the greater is the 
damage from too high temperature, and vice versa as will be considered 
later. Carbon in carbide of iron so segregated may be redistributed 
through the mass of the metal by continued suitable heating, also. 
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possibly, {Bosphorus to some extent; the insolubles may not be but may 
remain as permanent defects. 

It is claimed, and is probably true, that casting too hot increases 
segregation. When well>made steel is killed, as by the addition of 0.25 
per cent, of silicon or more, and cast at the ideal temperature into 3-ton 
ingots, there is little if any segregation. 

The actual temperatures at which the different steels melt and those 
th^ should have in the furnace and at the different stages, until 
they are in the molds, are practically unknown but one can make assump- 
tions that may be of some value. The fusion points of iron (1530° C.) 
and of iron with varying contents of carbon are given. Therefore we 
know the effect on fusibility of a given amount of carbon but not of 
manganese and silicon, the chief other ingredients of simple steels. We 
may, however, fairly assume their effects in that respect to be about 
proportional to their percentages. Manganese melts at 1230° C., or 
300° below iron, and silicon at 1420° C., or 110° below. So the effects of 
1 per cent, of each in iron on its melting point may be tabulated as follows : 

1 per cent, of carbon lowers melting point 90° 

1 per cent, of manganese lowers melting point 3° 

1 per cent, of silicon lowers melting point 1.1° 

The effects of manganese and silicon in simple steels are thus shown to 
be practically negligible. They are probably alloyed with the iron while 
carbon, which has great influence, is imdoubtedly in combination. 

The melting point, and therefore the tapping temperature, both 
become lower with increase of carbon in the steel. The ideal tapping 
temperature is sufficiently above the melting point to allow for the loss 
of heat in tapping, transferring, and teeming. The amount of excess 
heat required varies with the kind of steel, size of charge, time between 
tapping and completion of teeming, and other minor conditions but is 
quickly learned for any particular situation. The low-carbon steels, 
being hotter, cool more rapidly than those with higher carbon and there- 
fore require a correspondingly greater heat margin than the latter. 

Table 1 has been compiled as an attempt to give the proper temperar- 
tures for finishing and casting simple steels of different car^n contents. 
All the known published temperatures (mostly conflicting and some 
manifestly incorrect) as well as Caspersson’s table have been considered 
and utilized and, omitting units, the figures given are thought to be near 
actual .^nerican practice. Four temperatures for each steel are given; 
viz., that of the metal in the furnace just before tapping, that of the 
stream of steel flowing from the furnace spout into the ladle, that of the 
stream entering the mold at the beginning of teeming, and that of the 
stream at the end of teeming. Either of the first three mentioned might 
with some justification be called the casting temperature. The proper 
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finishing temperatures of open-hearth and bessemer steels of the same 
composition are thought to be nearly alike. The table is, of course, 
subject to modifications as facts become known. 

Table 1. — Assumed Finishing Temperatures of Open-hearth Simple 

Steels 


50-toa charge, 3-ton ingots; steel finished in furnace; American practice 




Ideal Temperatures 

Carbon, 

Per Cent. 

Melting Point, 
Degrees C. 

In Furnace 
Just before 

Tapping 

Entering 

Teeming 

Tapping 
Degrees C. 

Ladle. 
Degrees C. 

Beginniim. 
Degrees C. 

j End. 

Degrees C. 

Pure iron 

1 

1,530 





0.10 

1,520 

1,620 

1,615 

1,580 

1,550 

0.20 

j 1,511 

1,610 

1,605 

1,570 

1 1,540 

0.30 

‘ 1,501 

1,600 

1,595 

1,560 

1,530 

0.40 

1,492 

1,590 

1,585 

1,550 

, 1,520 

0.50 

1,483 

1 1,580 

1,575 

1,540 

1,510 

0.60 

1,474 

i 1,570 

1,565 

1,530 

i 1,500 

0.70 

1,465 

; 1,560 

1,555 

1,520 

1,490 

0.80 

1,456 

1,550 

1,545 

1,510 

1,480 

0.90 

1,447 

1 1,540 

1,535 

j 1,600 

1,470 

1.00 

1,438 

1,530 

1,525 

1,490 

1,460 • 

1.10 

1,429 

1 1,520 

1,515 

1,480 

1,450 

1.20 

1,420 

1,510 

! 1,505 

1,470 

1 1,440 

1.30 

1,411 

; 1,500 

1,495 

1 1,460 

1 1,430 

1.40 

1,402 

1,490 

1,485 

1 1,450 

i 1,420 

1.60 

1,393 

1,480 

1,475 

1,440 

i 1,410 


Table 1 contemplates that the steel is to be finished in the furnace. 
When, however, ferromanganese and, it may be, other alloys are added 
cold to steel in the ladle the temperature of the unfinished steel in 
the furnace should be higher on an average by about 15® (varying of 
course with the quantity of alloys so added), to provide heat for 
melting them. 

The table further contemplates no unnecessary delay between tapping 
and the beginning of teeming, the interval being assumed to be about 6 
min. When the metal is intentionally held in the ladle, as when time 
is afforded to allow the sonims to escape, and that period is extended to 
20 min., the temperatures of the steel in the furnace and entering the 
ladle should be higher by about 20°. 

It is assumed, in the table, that the charge weighs 50 tons and is top- 
cast into 3-ton ingots; teeming is assumed to take 30 min. When the 
time consumed in teeming varies, the tapping temperature should vaiy 
also to compensate therefor; thus a larger charge or smaller, and therefore 
a greater number of, molds will call for hotter steel, and vice versa. 
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The in temperature of 30° during teeming allows a deviation of 15° 
from the ideal mean, which probably should not be exceeded. This fall 
is somewhat less than that indicated by recently published pyrometric 
determinations but has been adopted tentatively for several reasons. 
Caspersson’s table and experiences at Fagersta and Steelton indicate that 
a variation of 10° makes steel somewhat “off” in ingot structure and 
quality. In addition, the first metal to flow from the tap hole is that at 
the bottom of the bath and, therefore, the coldest of the charge. The 
hotter metal which follows is well mixed with that already in the ladle 
as long as the stream is large, so that when the slag comes, the metal in 
the ladle is of practically uniform temperature; but the ladle lining will 
be hotter at the bottom than at the top, having been submerged longer 
by the molten metal. The slag, which comes last from the furnace, is 
hotter than the metal and, when of proper consistency, quickly chills on 
top, forming a slowly conducting hot blanket over the metal. For some 
time after all the charge is in the ladle, the steel gives up heat to the ladle 
lining faster than it does to the top covering of slag. In the ladle the 
colder metal tends to settle at the bottom, so that it will be the first to 
leave the ladle when teeming, the hotter stasdng at the top and being 
consequently the last to be teemed. The metal last to leave the ladle 
must be losing heat veiy slowly because of the hot ladle lining and slag 
blanket. So when the ladle has an amply thick lining and is heated red 
hot inside before the steel enters, and conditions are normal, there may 
be little difference in temperature between the first and last steel to 
be teemed. 

Relatively hot steel calls for a small nozzle, which requires proportion- 
ately longer time in teeming and, possibly, a wider range of temperature 
during that operation; therefore steel may be too hot at the beginning or 
too cool at the end for the best results. With high-quality killed steel, 
this may not be important, as referred to later; but for ordinary steel, 
it may be an argument in favor of a low casting temperature and 
larger nozzle. 

The use of a pyrometer in the shop to tell the temperature of the 
open-hearth bath metal, to the writer seems to be of doubtful merit. It 
is not needed as knowledge of actual temperatures, in degrees, is not 
essential for obtaining regularly good, or even the best, results. Good 
judgment, based on the points mentioned below, and ample experience 
are enoufdi* Still it would be well to know what those temperatures are 
as an aid to complete understanding of the art and for explaining dis- 
crepancies, and particularly for comparing one practice with another. 

When melting steel, the fumaceman becomes familiar with the bright- 
ness of the light from his furnace, as seen through his blue passes, and 
with the relative brightness of the flame, the cooler back wall, the still 
cooler surface of the slag, and the yet cooler wakes of the gas bubbles 
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rising through the slag from the metal. Then he learns much when 
taking furnace tests and samples. The way in which a stirring rod is 
melted off and the time reqmred therefor, the appearance and behavior 
of the metal in the test cup, the length of time it remains molten, the skull 
remaining in the cup, if any, and the speed of solidification in the test 
mold, all indicate the temperature of the metal. Or he may slowly pour 
out a cupful of metal in a stream about the size of a lead pencil when the 
skull remaining, if any, enables him to judge his heat. The vigor of the 
boil (bearing in mind the carbon content of the metal), the behavior of 
the metal in the test cup and ingot, and the basicity of the slag give him 
information as to the tenor of oxygen in the metal, which element tends 
to lessen the fiuidity at any given temperature, particularly of low-carbon 
metal. With all these guides, his probable error is perhaps less than that 
involved in taking the temperature of the surface of the bath with a 
pyrometer, then estimating the emissivity of the slag and judging the 
difference in temperature between the top of the slag and the unfinished 
steel beneath. The things noted, which are perhaps the most important 
of those that enable the relative temperature of the metal to be ascer- 
tained, are done before it is too late to correct the temperature, if wrong. 
Determination of the temperature of steel running into the ladle or mold 
is chiefiy of value in helping to get future heats right in that respect, 
though too hot a heat may be held a little extra time in the ladle, at 
some risk, before teeming is begun. 

In any steel that has had proper treatment, in other respects, in the 
furnace, the usual defects from casting at too low a temperature are from 
misrunning and cold shuts. Certain steels, however, covering the whole 
range of carbon contents, referred to by Caspersson, Brinell and others in 
Europe, which were cast too cold, were claimed for that reason to be 
badly infested with gas holes. Those holes were located at random 
throughout the ingot, as though made by gases that separated when the 
steel was in the mushy stage just before actual solidification, a condition 
that seems to have existed throughout the whole ingot at about the same 
time, due to the low temperature. Steel cast too hot has other defects, 
which are noted hereinafter. 

In common American practice, the proper or ideal casting temperature 
for any ingot steel is, generally speaking, the lowest that will admit the 
whole charge to be successfully poured without an important amoimt of 
solid metal (skull) being left in the ladle. 

Caspersson’s table, published in 1882, gives diagrammatically 
the structure of bessemer steel ingots of different carbon contents blown 
and, presumably, cast at different temperatures. It is still of great 
interest. It shows that for soft steels, containing, under 0.40 per cent, 
of carbon, and, from the ingot structure given, presumably effervescing, 
there is one ideal temperature (as in American practice), while for harder 
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steds, having 0.4 per cent, or more of carbon up to 1.52 per cent., there 
are two temperatures at which good ingots may be made. At the higher 
of these two temperatures solid piping ingots are obtained, while attthe 
lower the ingots are thick skinned; that is, are sound in their outer parts 
but have some deep-seated or central gas holes. If cast at a temperature 
midway between these, the ingot will have ruinous skin holes. The 
higher the carbon, the lower the temperature that will give the kind of 
ingot required, whether solid piping or thick skinned. The temperatures 
are, of course, merely comparative, the actual temperatures not then 
being known; but by assuming the hottest, which is too hot for steel 
containing 0.04 per cent, earbon, to be 1650° C. and the coldest, which is 
too cold for steel having 1.52 per cent., to be 1400° C., and interpolating 
those between, a reasonable list of 30 temperatures is obtained. These, 
it must be admitted do not agree exactly with Table 1, perhaps either 
because the assumptions made are not strictly true or because his 29 
intervals are not uniform, as they are of necessity when obtained by 
interpolation. It corresponds most nearly with the mean of the teeming 
temperatures given and, indeed, it is likely that Caspersson based his 
table largely on observations of steel in the molds. 

To give an example, Caspersson’s steel with 0.55 per cent, carbon 
is sound and settling at the upper limit, and sound except for the gas holes 
in and near the center at about 1530° C. (by interpolation), while at about 
1590° and about 25° each way the steel is ruined by skin holes. Another 
notable point is that each temperature near the middle of the range is 
right for two different steels. Thus 1545° (always assumed), which is too 
cold for steel having 0.15 per cent, carbon, is right for thick-skinned 
ingots containing 0.45 per cent., wrong for steel with 0.95 per cent., and 
right for piping steel with 1.41 per cent. " 

Caspersson’s heats were blown from crude iron containing from 3 to 
5 per cent, of manganese and no recarburizer was added. No one whom 
I have asked has been able to give me details of Caspersson’s practice, 
but Brinell and Akerman vouch for the genuineness and reliability 
of Caspersson’s work.* Particularly I have wanted to know how he 
made thick-skinned ingots containing from 0.40 to 1.50 per cent, carbon. 
None of the ingredients of his steels, except carbon, are given, which adds 
to the difficulty of explaining or understanding his results. His only 
solidifier, if he added any, must have been silicon, as aluminum and 
titanium had not then been made in sufficient quantity for such use. 

No practice in America, known to the writer, corresponds to that of 
Caspersson either in respect to two casting temperatures for medium and 
high-carbon steels or for ingots of such steels having sound exteriors and 
central gas holes. Campbell did say that occasional excessively hot 

* Biehsrd Akennan: The Bessemer Frooess as Conducted in Sweden. Trant. 

S,265. 
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bessemer heats at Steelton were of good quality and they may have 
corresponded with Caspersson’a higher temperature for settling steel, 
but the practice was not regular or intentional. 

At Fagersta, Sweden, in 1916, they were making most excellent acid 
open-hearth steel for the tension members of flying machines. The fur- 
naces were of 20 tons capacity and the ingots were 10 by 10 in. top-cast, 
large end up, with hot tops to limit the pipe. The tops were so made 
as to be broken off cold to show if the pipe had penetrated the body of 
the ingot or not. The steel rolled beautifully, like wax, in the blooming 
mill, without a crack. I was told that they had open-hearth steel 
melters who could bring their heats out regularly within 10® C. of the 
proper temperature. At the time the claim seemed to be unwarranted 
but not so now. A skilful melter can make practically uniform steel, 
provided his conditions of plant, fuel, and materials are not changed, 
while Caspersson's table shows that a variation of 10® from the ideal 
finishing temperature may make steel somewhat ''off'' in quality. 
Campbell thought that a variation of 10® C. was noticeable in bessemer 
steel, that is, a change in the amount of scrap added to cool the charge 
which would cause a change in temperature of that amount was clearly 
recognizable. 

Killed Steel 

In killed steel, the ill effect, if any, of a too high casting heat is 
pronounced ingotism, manifested through the behavior of the carbide 
of iron as well as the solid and liquid impurities, and particularly their 
concentration along the grain boundaries as described. With impurities 
at a minimum, defects attributable to them are proportionately slight. 
There is evidence which indicates that a steel containing considerable 
carbon, say over 0.4 per cent., which is well purified of excesses of oxides 
and gases and then killed by the addition of gas solvents, particularly 
silicon, is, chiefly because of its freedom from sonims, practically but 
little injured in quality by being cast at a temperature considerably 
higher than would be ideal in American practice for open-hearth steels of 
similar composition. There is, on the contrary, the advantage that the 
higher temperature, by affording longer time during which the steel 
remains fluid, allows any sonims present to separate more completely, 
giving cleaner and, therefore, better steel. It may, however, crack in 
hot-working because of its ‘'chill'' dendrites. 

Crucible steel, well killed, may be cast exceedingly hot without 
damage to its quality; even so hot as to melt a groove in the cast-iron 
mold if the stream of steel in teeming plays against it for a second or two. 

Brinell, in Sweden, 25 years ago considered that the casting temperar 
ture of steel was of secondary importance to composition. His experi- 
ence was, presumably, similar to that of Caspersson with killed acid 



484 FINISHING MELTING TEliPERATUBBS OF SIMPLE INGOT STEELS 


steels having generally over 0.4 per cent, carbon made from a highly 
numganiferous charge, with, possibly, addition of silicon at the end of the 
heat. As already noted, steel so made may perhaps not be injured much, 
if any, by a too high casting temperature, or perhaps at Caspersson’s upper 
correct temperature for the harder steels. 

The reports we have of open-hearth steel cast excessively hot (from 
an American point of view) are from Europe, and pertain to high-quality 
killed steel, such as for ordnance; where the greatest care is demanded to 
rid as completely as practicable the unfinished steel before tapping of all 
ingredients that are hurtful to quality, particularly oxides and silicates. 
In England, France, and Italy, it has been reported, steel for cannon is 
cast exceedingly hot. That may be right for their steels, presumably 
acid, which are said to be well purified of all oxides in the furnace by the 
action of carbon and manganese, ample time being allowed. Giolitti says 
that such steel, made in Italy, is likely to be cracked in the skin in forging 
even when it is carefully done, which is a sort of guarantee that it will pass 
inspection, particularly in meeting the physical tests. The cracking is 
thought to be due to excessive development of the dendritic “chill” 
crystals with attendant concentration of carbide between them. A 
desideratum in American practice for killed steels is that the outside of 
the ingot shall be sound and not crack in forging or other hot-working. 

Certain European steelmakers have claimed that the rate of teeming is 
more important than temperature on the quality of fine steels (pre- 
sumably of the harder grades) particularly in favoring freedom from 
cracks when hot-worked. They consider slow teeming essential, to 
insure which small nozzles, down to % in. in diameter, requiring 
to 2 min. to the ton of steel top cast, or large bottom-cast groups are 
employed. These measures seem to be called for because of the avowedly 
high temperatures at which their steels are tapped. They do not tell 
enough about their methods to enable an average American to understand 
their practice. While the whole story cannot be told, to get a reasonable 
conception of the practice, one should know the size of the furnace and 
molds and the state of the unfinished steel in the furnace as to tempera- 
ture, boil, and residual percentages of carbon, manganese, and silicon; if 
basic, one should also know the contents of iron and silica in the slag. 
In addition, full information as to the additions, manner of making them, 
time elapsed after their addition before tapping, and the final composition 
and temperature of the steel entering the mold should be had. 

Paktly Killed Steels 

The ill effects of a too high casting temperature on partly killed 
steels may arise from the action of the high heat on one or more of the 
solid, liquid, or gaseous impurities contained. Such steels, as a rule, 
are not well made, but they vary much in that respect. In the mold, 
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some rise, some stand, and some settle; the best-made settle nearly as 
much as if wholly killed. Usually, they also contain unduly great 
quantities of oxides, both solid and liquid, which become sonims in part 
at least. 

When the steel is cast too hot, marked ingotism is present. Many 
of the sonims, which are too small to escape by floating to the top, are 
collected between the chill dendrites. The dendrites are larger than they 
would be if the steel were cast at the ideal temperature. The central 
portion of the ingot may, however, be cleaner of sonims because of the 
excessively hot, and therefore longer fluid, metal as in the case of killed 
steel. Such steel so cast is ordinarily somewhat red short and prone to 
crack when hot^worked. 

Because of the many varieties of partly killed steels, statements about 
them, or any of them, must, to be intelligible, be specific and tell the 
kind of steel under consideration. 

Effervescing Steel 

When making effervescing steel, the casting temperature, through its 
effect on the gases, is the condition that determines the quality and 
hence the usefulness of the product. It affects (1) in part the activity of 
the boil of the bath in the furnace, which, however, depends also on the 
supply of oxygen that reaches the metal, and (2) the rate of effervescence 
in the molds. The great thing demanded in this steel is that the ingot 
shall not contain skin holes. None whatever can be allowed in steel to be 
rolled direct from ingot to finished plate, but a few small ones may be 
obliterated by a second heating and rolling when that method is followed. 
With a proper boil, the gas that forms the skin holes (probably hydrogen) 
will be present in the metal only in a permissible minimum. Then with 
adequate effervescence (which, with correct casting temperatmre wfil be 
obtained) no harmful skin holes will exist in the ingot. The hotter the 
steel is above the ideal temperature, the weaker will be the effervescence 
in the mold. 

Effervescence is the escape of the gases, chiefly carbon monoxide, 
in myriads of bubbles from the molten steel in the mold, the uprush 
of which keeps the metal in violent motion with a churning effect, while it 
progressively freezes from the outside toward the center. liie rising 
bubbles throw up a small brilliant shower of sparks from the molten 
metal, which gradually diminishes as the metal freezes Steel containing 
as high as 0.4 per cent, carbon may be made by this method, but the action 
is better or more easily brought about with lower carbon, say below 
0.20 per cent. 

Just why a certain vigor of boil is necessary is not definitely known, 
but probably when it is right, considerable of the dissolved hydrogen 
and nitrogen is carried off by the escaping myriads of carbon monoxide 
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steels having generally over 0.4 per cent, carbon made from a highly 
manganiferous chaige, with, possibly, addition of silicon at the end of the 
heat. As already noted, steel so made may perhaps not be injured much, 
if any, by a too high casting temperature, or perhaps at Caspersson’s upper 
correct temperature for the harder steels. 

The reports we have of open-hearth steel cast excessively hot (from 
an American point of view) are from Europe, and pertain to high-quality 
killed steel, such as for ordnance; where the greatest care is demanded to 
rid as completely as practicable the unfinished steel before tapping of all 
ingredients that are hurtful to quality, particularly oxides and silicates. 
In England, France, and Italy, it has been reported, steel for cannon is 
cast exceedingly hot. That may be right for their steels, presumably 
acid, which are said to be well purified of all oxides in the furnace by the 
action of carbon and manganese, ample time being allowed. Giolitti says 
that such steel, made in Italy, is likely to be cracked in the skin in forging 
even when it is carefully done, which is a sort of guarantee that it will pass 
inspection, particularly in meeting the physical tests. The cracking is 
thought to be due to excessive development of the dendritic ^'chiir' 
crystals with attendant concentration of carbide between them. A 
desideratum in American practice for killed steels is that the outside of 
the ingot shall be sound and not crack in forging or other hot-working. 

Certain European steelmakers have claimed that the rate of teeming is 
more important than temperature on the quality of fine steels (pre- 
sumably of the harder grades) particularly in favoring freedom from 
cracks when hot-worked. They consider slow teeming essential, to 
insure which small nozzles, down to % in. in diameter, requiring 1}4 
to 2 min. to the ton of steel top cast, or large bottom-cast groups are 
employed. These measures seem to be called for because of the avowedly 
high temperatures at which their steels are tapped. They do not tell 
enough about their methods to enable an average American to understand 
their practice. While the whole story cannot be told, to get a reasonable 
conception of the practice, one should know the size of the furnace and 
molds and the state of the unfinished steel in the furnace as to tempera- 
ture, boil, and residual percentages of carbon, manganese, and silicon; if 
basic, one should also know the contents of iron and silica in the slag. 
In addition, full information as to the additions, manner of making them, 
time elapsed after their addition before tapping, and the final composition 
and temperature of the steel entering the mold should be had. 

Pabtly Killed Steels 

The ill effects of a too high casting temperature on partly killed 
steels may arise from the action of the high heat on one or more of the 
solid, liquid, or gaseous impurities contained. Such steels, as a rule, 
are not well made, but they vary much in that respect. In the mold. 
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some rise, some stand, and some settle; the best-made settle nearly as 
much as if wholly killed. Usually, they also contain unduly great 
quantities of oxides, both solid and liquid, which become sonims in part 
at least. 

When the steel is cast too hot, marked ingotism is present. Many 
of the sonims, which are too small to escape by floating to the top, are 
collected between the chill dendrites. The dendrites are larger than they 
would be if the steel were cast at the ideal temperature. The central 
portion of the ingot may, however, be cleaner of sonims because of the 
excessively hot, and therefore longer flviid, metal as in the case of killed 
steel. Such steel so cast is ordinarily somewhat red short and prone to 
crack when hot-worked. 

Because of the many varieties of partly killed steels, statements about 
them, or any of them, must, to be intelligible, be specific and tell the 
kind of steel under consideration. 

Effebvescing Steel 

When making effervescing steel, the casting temperature, through its 
effect on the gases, is the condition that determines the quality and 
hence the usefulness of the product. It affects (1) in part the activity of 
the boil of the bath in the furnace, which, however, depends also on the 
supply of oxygen that reaches the metal, and (2) the rate of effervescence 
in the molds. The great thing demanded in this steel is that the ingot 
shall not contain skin holes. None whatever can be allowed in steel to be 
rolled direct from ingot to finished plate, but a few small ones may be 
obliterated by a second heating and rolling when that method is followed. 
With a proper boil, the gas that forms the skin holes (probably hydrogen) 
will be present in the metal only in a permissible minimum. Then with 
adequate effervescence (which, with correct casting temperature will be 
obtained) no harmful skin holes will exist in the ingot. The hotter the 
steel is above the ideal temperature, the weaker will be the effervescence 
in the mold. 

Effervescence is the escape of the gases, chiefly carbon monoxide, 
in myriads of bubbles from the molten steel in the mold, the uprush 
of which keeps the metal in violent motion with a churning effect, while it 
progressively freezes from the outside toward the center. The rising 
bubbles throw up a small brilliant shower of sparks from the molten 
metal, which gradually diminishes as the metal freezes Steel containing 
as high as 0.4 per cent, carbon maybe made by this method, but the action 
is better or more easily brought about with loww carbon, say below 
0.20 per cent. 

Just why a certain vigor of boU is necessary is not definitely known, 
but probably when it is right, considerable of the dissolved hydrogen 
and nitrogen is carried off by the escaping myriads of carbon monoxide 
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bubbles, so that the steel in the ladle and molds contains substantially 
less of them than when the boil is too gentle. The higher the tempera- 
ture the greater is the solvent power of the metal for gases; hence the 
quieter boil and the more plentiful is the supply of hydrogen to form 
akin holes. Thus the boil determines the saturation point of the metal 
for skin-hole gas, which fixes the distance in from the surface at which 
that gas begins to separate. It should be not less than ^ inch. 

In an extreme case, when the boil is far too weak, the saturation 
point of the molten steel for hydrogen is passed almost at once, when it 
begins to freeze in the mold and bubbles of the gas separate from the 
metal and tend to cling to the solidified skin. With adequate churning, 
due to effervescence, practically all of these bubbles, except at the bottom 
of the ingot, may be dislodged, when they will rise to the top; but if the 
action in the mold is too gentle, some of them may remain and grow and 
so form skin holes. If there is no effervescence, the skin holes will cover 
the whole ingot. 

Effects on Steel of Vabiations in Casting Temperatures 

Let us consider the effects of variations in casting temperatures on 
steels containing 0.15 per cent, carbon. The steel is top-cast into 3-ton 
ingots and the temperatures are taken as at the beginning of teeming. 
The first case is when the boil and temperature (1575® C.) are right. The 
quantity of hydr(^en in the molten steel may then be so small that the 
saturation point of the metal for that gas will not be passed until perhaps 
yi in. of metal, or even more, has frozen on the outside against the mold 
walls. Then the hydrogen begins to separate as small bubbles that tend 
to attach themselves to the frozen shell of the ingot only to be dislodged 
by the churning effect due to the effervescence. A few of the hydrogen 
bubbles may remain on the sides, near the bottom, where the effect of 
the rising bubbles is naturally weak, for the reason that they begin to 
form there, and therefore are small. Skin holes will also occur in a zone 
extending over the bottom, the same distance in as on the sides, there 
being no washing effect in that zone. The frozen shell of the ingot 
appears at the top as a rim next to the mold, which rim grows inward 
and level as solidification progresses. A cast-iron cover plate is usually 
laid on when the rim is an inch thick or so (without which the metal in 
the cent^, which is the last to freeze, might rise a little), and the ingot 
when solid has a fiat top, the metal neither rising nor settling. Such an 
ingot will have a solid s^ of metal 2 or 3 in. thick, then a zone of inter- 
mediate gas holes, and inside of them, perhaps, a few central holes. It 
will be of good quality. 

With slightiy hotter steel (perhaps 1590® C.) the effervescence, while 
brisk, is inadequate and the metal rises in the mold a little so that the 
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rim rises toward the center, forming a frustum of a pyramid on which a 
cover plate is laid. Such steel will probably roll well and be free from pits 
in the plates and seams in the blooms made from it. 

. With still hotter steel (say 1610® C.) the steel may rise for an inch or 
two before it begins to rim in. The rim will then form a frustum. Such 
steel will be rather ''thin skinned and the metal covering the skin holes 
may be burnt through in the heating furnace and lined with oxide of iron, 
thus forming pits and seams in the rolled product. 

When the steel is excessively hot (say 1630® C.), in the mold it has an 
oily appearance and continues to rise without stopping when teeming is 
finished, whether bottom or top-cast. There is no evolution of gas from 
the metal, at first, but after some minutes a little may break through the 
top surface and escape giving the ingot a ragged top. Such an ingot may 
increase in bulk 12 or 15 per cent, after teeming and will have a profusion 
of skin holes all over. When it is broken or cut in two the elongated 
skin holes are displayed on the exposed surface extending in 1 or 2 in. and 
close together like cells in a honeycomb. It is strictly correct to call such 
an ingot honeycombed. When rolled, these skin holes form ruinous 
defects, such as pits and scabs on the surface of plates and seams and 
tears in blooms. 

If the boil is right but the bath is moderately too hot, the skin holes 
will be in some depth from the surface but deeper in there will also be a 
zone of intermediate holes. 

Why low-carbon steel intended to effervesce will not do so when 
excessively hot is not known. A plausible explanation is that at the too 
high temperature manganese has power to decompose carbon monoxide, 
which would cause the effervescence, if present in normal quantity. 
This gas does not appear though other gases, presumably hydrogen and 
nitrogen, do, so it must be destroyed as it is insoluble in solid steel and 
if present in the metal would be expelled therefrom in freezing. Manga- 
nese is the only element present in quantity so it would seem that that 
element, under the influence of the high temperatures, is the cause. 
Though the volume of carbon monoxide in full effervescing steel is large, 
its weight is small and the quantity of manganese present is overwhelm- 
ing. This power of manganese, if it obtains, is acquired within a rather 
small range of temperature, presumably 25® or 30®, but not at one partic- 
ular degree as the effect is gradual. In high-carbon steels, the tempera- 
ture of assumed decomposition of carbon monoxide by manganese, say 
over 1590® C., may not be reached because of the relatively low melting 
points, and hence of casting temperatures of such steels, but if it is 
attained no harm from that circumstance would result because all gases 
are, or should be, suppressed in such steels. This explanation is at 
variance with what might be expected from the calorific powers of carbon 
and manganese when combined with oxygen, but the effect of high tem- 
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perature in changing chemical afSnities is but little known* Siliconi 
having a lower calorific power than carbon, decomposes carbon monoxide 
at a red heat so it is not impossible, or even improbable, that manganese, 
even though its calorific power is much lower than that of silicon, may 
do so at a sufficiently high temperature. The small amoimt of carbon 
present may permit of this when a larger percentage would not. It is 
only when making low-carbon steels that such a temperature is likely 
to be reached. 


DISCUSSION 

Albert Sauveuk,* Cambridge, Mass. — This paper once more calls 
our attention to a question that has been much discussed by metallurgists 
but has never been answered in a satisfactory manner. Is there for each 
steel an ideal teeming temperature and if so what is that temperature, and 
what are the objections to teeming at a higher or at a lower temperature? 

It is generally held that there is a teeming temperature, for each 
percentage of carbon in simple ingot steel, that will yield the best results 
and that that temperature is as little above the melting temperature of 
the steel as is consistent with the absence of cold shuts and of heavy ladle 
sculls. Higher teeming temperatures are generally considered injurious. 
The author, however, admits that good results have at times been 
obtained from steel teemed excessively hot. 

The ideal ingot should have as fine a dendritic structure as can be 
imparted to it and should be as free as possible from what the author calls 
“chill dendrites.” For a given composition these conditions depend 
principally on the rate of solidification, a slow solidification resulting in 
large dendrites and in pronounced chill dendrites. The rate of solidifica- 
tion in turn is affected by: (1) the size and form of the casting; (2) the 
character of the mold and its temperature at the time solidification begins, 
and (3) the teeming temperature. 

It is generally stated that a high teeming temperature promotes a slow 
solidification and, therefore, a coarse dendritic structure and pronounced 
chill dendrites. It is well to point out that a high teeming temperature 
per 86 has no such influence — ^its retarding action on solidification is due 
to the fact that a hot metal heats the walls of the molds to a higher tem- 
perature and this in turn slows down solidification. Could this higher 
preheating of the molds be eliminated, there is no ground whatever for 
believing that a higher teeming temperature would cause coarser 
dendrites. Neither is there any ground for believing that the existence of 
chill dendrites has a detrimental action on the quality of the steel; they 
are objectionable, however, because they may lead to the cracking of the 
ingots in forging. A higher teeming temperature affords more time for 
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the inclueions to leave the metal and, in well-killed steel, the evidences 
are not conclusive that a high teeming temperature is injurious. 

Haakon Styri,* Philadelphia, Pa. — In the second par^aph, the 
author states that three things largely determine what a batch of steel 
will be — composition, casting temperature, and rate of teeming. He 
forgets the time for refining or finishing of steel in the furnace. He 
classifies steel as killed, partly killed, and effervescing, and seems to con- 
sider all these steels permissible. I may draw a parallel to this classifica- 
tion and say that steels are well made, poorly made, and rotten; and I 
do not mean that all killed steels are good. I do not think any steel 
containing blowholes is permissible at the present stage of metallurgy. 
It might have been permissible when steel making on a large scale was 
in its infancy, say thirty or forty years ago. Maybe one reason was that 
they could not get a high enough temperature to refine the steel properly 
and in order to get some kind of useful steel they had to adjust the tem- 
perature more or less to the ingot molds, sizes, sections, etc., in an 
endeavor to get the blowholes at the place where they did the least harm. 
But they always do harm. The steel is not good as long as it contains 
blowholes; all plain steel should be made without blowholes. 

The author states that the skin holes found in ingots probably contain 
more hydrogen; I have not been able to find any reliable reference, or 
investigation, that shows that the blowholes themselves contain hydrogen. 
He also states that by adding certain elements he can prevent the forma- 
tion of gas; for instance, by adding aluminum and silicon he can prevent 
gas evolution because these elements take up hydrogen and nitrogen. 
This seems to be impossible; we do not know, for metals like aluminum 
or silicon, what the solubility of gases are at the high temperatures. It is 
not possible to have hydrides or nitrides of these elements at those high 
temperatures, and the only possibility of having such metals absorb a 
large amount of hydrogen or nitrogen would be if they could form stable 
hydrides or nitrides. The whole explanation of the presence of blow- 
holes seems to be the unfinished condition of the steel, that the oxygen is 
not reduced sufficiently. 

The author says that the possible explanation of why low-carbon steels 
do not effervesce though excessively hot, is the presence of manganese, 
which should decompose the carbon monoxide. I have shown, in some 
previous papers, that the reducing power of carbon increases with tem- 
perature. In other words, at a higher temperature the carbon should 
reduce the manganese oxide and carbon monoxide would escape from the 
liquid steel. If there was a reduction of carbon monoxide by test both 
the oxygen and carbon must stay in the steel as manganese oxide and 
carbide. 
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George V. Luerssen,* Beading, Pa. — The optical pyrometer, up to 
the present time, has been considered more or less of a curiosity. The 
literature has been confined to occasional temperatures taken in the 
course of experimental work, much of which has had to do rather with 
the study of the adaptability of the instrument to various purposes than 
with its application to problems of control in practical melting opera- 
tions. The author has been the first to take the mass of information 
thus accumulated and mold it into useful form. With Table 1 as a 
start, the time does not seem far distant when the practice of recording 
temperature observations on each heat of steel will be regarded as much 
a part of the routine of steel making as is the regular chemical analysis. 

The temperatures shown in Table 1 are applicable to 50-ton open- 
hearth furnaces. It is interesting to compare these desired temperatures 
with data of a similar nature compiled over a long period on 6-ton electric 
furnaces. Before making such comparisons, however, it might be well 
to explain the method used in deriving these desired temperatures. 

It has been found convenient, in the determination of proper tapping 
temperature of any steel, to use as a datum line the ‘'skull temperature'^ 
of that particular analysis. By “skull temperature" is meant the lowest 
temperature at which the steel will fiow from the ladle, and may be 
determined as follows: Temperatures are observed at intervals through- 
out the course of teeming, and these readings are plotted in a curve with 
temperature as ordinate and time as abscissa. On the colder heats, the 
curve falls to a certain definite point in temperature, after which it 
becomes horizontal, the temperature remaining constant down to the last 
metal. Ladles from heats showing this type of curve are invariably 
skulled, so that undoubtedly the last metal in such cases is of the lowest 
temperature at which it is possible to pour. This temperature has been 
called the skull temperature and, over a great many heats of various 
carbon contents, has been found to be about 10® C. above the iron-carbon 
liquidus. Having determined the skull temperature of any steel and 
knowing the drop in temperature during tapping, drop in temperature 
per minute during the time in the ladle, and duration of teeming, it is 
possible to estimate the desired tapping temperature. 

Tile following list of skull temperatures for carbon steel has been 
determined. This list has been compiled from results obtained over a 
run of several thousand heats, all of which were teemed into approxi- 
mately 10-in. ingots: 


Caxboit, 

Skull Tbmpsbatubb, 

Cabbon, 

Skull Tbmpbbatubb, 

Pbb Cbitt. 

DaoBSBS, C. 

Pbb CBirr. 

Dbobbbs, C. 

0.40 

1492 

0.90 

1454 

0.50 

1484 

1.00 

1447 

0.60 

1476 

1.10 

1439 

0.70 

1469 

1.20 

1431 

0.80 

1461 
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Comparing this list with Table 1 will show that the skull temperatures 
are somewhat lower than the desired end temperatures; they range 
from 28° lower for the 0.40 per cent, carbon steel to 9° lower for the 1.20 
per cent, carbon steel. Also, the desired tapping temperatures necessary 
to finish pouring 10° to 15° C. above the skull temperature on a 6-ton 
heat are about 15° higher than the tapping temperatures in Table 1. 
These results thus afford an interesting confirmation of the author’s table. 

It has been noticed on a number of heats of steel not properly finished, 
that the skull temperature is 10° to 15° higher than it is on properly 
finished heats of the same analysis; this is an interesting confirmation 
of the view that the presence of oxides tends to raise the freezing point. 

A. G. ZiMERMANN,* Washington, D. C. — The statement is made 
that 1 per cent, of manganese lowers the melting point of the mixture 
3°, 1 per cent, of carbon lowers the melting point 90°, and 1 per cent, 
of silicon lowers the melting point 1.1°; these values apparently have 
been deduced by simply taking a direct proportion of the difference 
in melting points in iron, manganese, and silicon. If our experience 
with low-melting-point alloys and with the equilibrium diagram in general 
be followed, it would tend to justify the statement that the effect of one 
metal on another does not follow the exact ratio of the proportions of the 
two elements. 

A. L. FEiLD,t New York, N. Y. — It should be possible from the 
published diagrams of the Fe-Mn and the Fe-Si systems to obtain a more 
accurate estimate of the effects of manganese and silicon on melting 
point than that given in the paper. The location of both liquidus 
and solidus curves have been determined for the former system by 
Guertler and Tammann (1907). Similar data relative to the Fe-Si sjrs- 
tem have been obtained by Levin and Tammaim (1905). In addition, 
the ternary system Fe-Si-C has been investigated in part by Gontermann 
(1911). The effect of silicon, in particular, on melting point is much 
greater than would be predicted from a straight-line relationship, because 
of the occurrence of a eutectic between iron and the compound FeSi. 

The statement that nitrides are dissociated at high temperatures is 
subject to at least two notable exceptions. The nitrides of both titanium 
and zirconium are known to occur in steel in a thermaUy stable and 
insoluble form. In the case of zirconium at least, the insoluble nitride 
may be largely eliminated from the molten steel with a resultant decrease 
in total nitride nitrogen content. Nitrogen is known to be appreciaby 
soluble in steel, and in those cases where the addition of an element, 
such as silicon, which does not form an insoluble nitride, prevents evolu- 
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tion of nitrogen during solidification^ ihe presence of the element probably 
increases the solubility of nitrogen in liquid steel. 

Geobge a. Orrok, New York, N. Y. — The author says that he 
would rather trust a trained eye than a p3nrometer. By shielding the 
pyrometer, it is possible to get a temperature reading that will note 
the correct temperature reading and that can be used for the handling 
of the temperatures in the open-hearth furnace. Very good results 
can be obtained when such an instrument is installed and watched in 
connection with other indicating instruments than can be used in the 
open hearth. Whether they will ever reach the stage where they may 
be substituted for the trained eye is debatable. 

George V. Luerssen. — Those who have had considerable experience 
with pyrometers will agree with the author that, at present, temperatures 
taken in the furnace are next to worthless and, if anything, misleading. 
It is a bad thing, in any case, to take initiative away from another. In 
other words, if you attempt to take temperatures in the furnace and 
control those temperatures you take a certain amount of initiative away 
from the workman; the reactions occurring in the furnace are so closely 
tied up with temperature and as he is accustomed to judging temperatures 
in other conditions by the eye, that giving a man actual temperatures is 
a hindrance rather than a help. As far as keeping control of temperatures 
is concerned, it has been found perfectly practicable to record heats, 
tapping temperatures, and pouring temperatures on curves; that is, 
making curves of each heat content and showing exactly the progress of 
these heats in teeming, so that the man can gage his eye for future heats. 
That plan has been worked out and has been found very satisfactory. 

Albert Sauveur. — If you want to keep a knowledge of temperature 
away from the workman for fear of taking away his initiative you might 
also avoid telling him anything about the chemical composition for 
like reasons. 

George V. Luerssen. — I did not mean to infer that a knowledge of 
temperatures should be kept from the workman. In the work thus far 
conducted, the men have been trained to think in degrees rather than in 
such indefinite terms as ''hot,'' "cold," "hot-side," etc., and this has been 
accomplished by giving them a record of each heat tapped. In the 
absence of a definite and reliable method of indicating furnace tempera- 
tures, this appears to be the most satisfactory method thus far devised. 

Those who have had considerable experience with the optical pyrom- 
eter will agree that at the present stage of our knowledge, temperatures 
taken in the furnace are next to worthless, if not actually misleading. 
Even though it were possible to obtain reliable temperature readings in 
the furnace, it is a question whether taking the iniative from the melter 
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in this matter of temperature judgment, which is so closely related to 
other conditions in the furnace, would not result in a hindrance rather 
than a help. On the other hand, it has been found practicable to control 
temperatures within very narrow limits by means of graphs showing the 
temperature history of the heat from tap to finish. These graphs, 
given the melter directly after the completion of pouring each heat, are 
a valuable aid in gaging the temperature of future melts. This method 
has been employed with entire satisfaction. 

R. F. Habbington,* Boston, Mass. — ^During the past two or three 
years, with greater requirements for the use of the optical pyrometer we 
are getting many thousands of readings during the year. In the pouring 
temperatures, we have considerable use for the optical pyrometers but 
in their more extended use we have taken away from the pourer an idea 
as to the true temperature of that metal. That is, he becomes so depend- 
ent on the optical pyrometer that when the pyrometer goes bad-^— and 
they all do with the best of checking and with the best of care — ^you are 
frequently "up against it” for the pourer has become so dependent on 
it that he mispours on a series of castings. The optical pyrometer has a 
definite place and it is used in our plant for the purpose of controlling 
the melting temperature. We are operating on pulverized coal and, 
learning the first tap as taken by the optical pyrometer, we can cut back 
our furnace very definitely and in this way the operation becomes more 
mechanical; but we have realized that the pourer really needs a practical 
knowledge of the pouring temperatures. 

Geoboe a. Obboe. — ^When you have wi instrument, even when it is 
not a very good instrument, you can control your temperature much 
closer than is possible by eye; that is true in any process where combustion 
is taking place. 

A. L. Feild. — I do not believe that practical steelmakers will agree to 
the statement that melting temperatures cannot be estimated within 
150® by ordinary visual observation. It is more probable that an experi- 
enced melter can control the average temperature of the steel bath within 
close limits, say, 10° or 15° C. It should be remembered that an optical 
pyrometer measures the temperature of a very small area within the 
furnace. The average furnace temperature can be obtained only from 
a large number of readings and this average temperature does not corre- 
spond to the average temperature of the metal bath beneath the slag. 

L. F. REiNABTZ,t Middletown, Ohio. — In answer to the statement 
that all ingots should be solid and have no blowholes, I wish to say that 


* Chemist, Metallatgical Dept., Hunt-SpQler Mfg. Cor^. 
t Assistant Qeneral Superintendent, American Rolling Mill Co. 
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it depends entirely on the use that is io be made of the steel. Steel- 
makers for many years have known that, for certain purposes, effervescing 
steel is preferable to an absolutely killed steel; provided that such steel 
is properly finished in the furnace. As to whether high manganese in 
low-carbon steel has some deleterious effect on the steel I do not know; but 
1 do know that when we are normally operating on a 0.35 to 0.45 per cent, 
manganese and 0.120 per cent, carbon steel, and we get a 0.50 per cent, 
manganese we are very apt to have a rising steel, provided the same 
amount of deoxidizer has been used in both heats. 

Henri Le Chatelier, Paris, France (written discussion*). — It is 
always useful to apply exact figures to industrial operations, even when 
they can be conveniently carried on by a simple routine. In fact, the 
writer believes that measuring temperatures in open-hearth furnaces may 
be very useful in the operation of making steel. The disappearing- 
filament p 3 rrometer is a simple enough method to be put into the hands of 
any shop foreman, or even of the ordinary workman. 

It is true that some fumacemen have an extraordinary facility for 
knowing exactly the right moment for casting the steel. By watching 
the solidification in the test mold, the rate of melting of the stirring rod, 
the fracture of the skull, they deduce the state of the steel bath. But this 
empirical faculty cannot be taught ; some have it and some do not . On the 
other hand, measurements of temperature can be made by any one. 

Exact determination of the pouring temperature of the steel as it 
comes from the furnace is difficult, if not impossible, because the tempera- 
ture is not uniform throughout the furnace. The surface layers are 
hotter than those deeper in the bath; the temperature of the pouring 
stream generally rises during tapping (the variation may be 50®) it is not 
possible to have all the tapping done at the highest temperature. But 
the mixing of the metal as it mingles in the ladle remedies that difficulty. 
The only important thing, in fact, is the temperature in the ladle. 

The size and shape of the crystallites that develop during the solidifi- 
cation of the steel certainly have a great influence on the properties of the 
metal; these depend on many factors, of which the temperature is among 
the most important, ^nd this effect of temperature is not easy to explain. 
The longer the metal has been melted at a high temperature, the larger 
and more regular will be these ciystallites. The effect of temperature 
is particularly marked in the solidification of bronze containing 10 per 
cent, of tin. A variation of 100® in the melting temperature causes such 
great differences in the texture of the alloy that the results appear to be 
two different substances. 

Agitation has an equally great effect. It brings about a mixed 
crystallization that generally is advantageous. The fall of the metal into 


* Translated from the French. 
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the mold produces a puddling that disappears little by little. The hotter 
the metal, the longer is the time that elapses before the beginning of 
solidifieation, which gives the interior movements a longer time in which 
to stop. Hence it is difficult to separate the influence of temperature 
from that of agitation. They are, nevertheless, two distinct and impor- 
tant elementary factors in the crystallization of ingots. 

William J. Priestley,* Pittsburgh, Pa. (written discussion). — 
The temperature figures apply only to ingots; steel temperatures for 
castings would be higher. The effect of temperature in casting is very 
evident as steel of exactly the same chemical analysis, made in the same 
manner, and cast in the same size molds will behave well in one instance 
and badly in another. The only apparent difference is the temperature 
at which it is cast in the mold. We have all seen this occur in both 
deoxidized and effervescing steel. A fourth factor in determining what 
a batch of steel will be after casting that might have been mentioned 
is the rate of cooling the steel in the mold. 

I was particularly interested in this subject on account of the work 
we are doing with ferroalloys; the behavior of the various elements with 
one another is governed in a large degree by the temperatures at which 
they are brought together. The reactions in many instances are more 
truly physical than chemical. 

I have searched my files for actual data on casting temperatures to 
compare with the ‘‘assumed finishing temperatures'^ given in this paper; 
as far as I know, the steel represented by these actual figures made good 
ingots. In most cases, the temperatures are lower than those in the paper 
but they are close enough to show the practical value of the author's 
systematic gradations of temperatures, for varying carbon contents. 
Also, as he suggests, modifications may have to be made for varying 
conditions of composition, teeming and mold sizes. The actual tempera- 
tures were as follows; the differences from the author's figures are shown 
in parentheses: 


Kind 

Per Cent. 
Carbon 

Tapping 
Temperature, 
Entering 
Ladle, 
Degrees C. 

Teeming Temperatures 

Average 
Variation 
from Author's 
Figures, 
Degrees C. 

Degrees C. 

End, 

Degrees C. 

Effervescing 

0.15 

1576(-35) 

1526(-60) 

1600(-45) 

-43 

Effervescing 

0.15 

1605(-6) 

1550(-26) 

1536(-10) 

-13 

Deoxidized 

0.22 

1576(-18) 

1525(-33) 

1500(-38) 

-29 

Deoxidized 

0.25 

1665(-35) 

1525(-40) 

1610(-25) 

-33 

Deoxidized 

0.38 

1565(-22) 

1526(-27) 

1506(-17) 

-22 

Deoxidized 

0.87 

1550(+12) 

1490(-13) 

1475(+2) 

-0 


' Metallurgical Engineer, Electromet. Sales Corpn. 
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As an instance of how these theoretical temperatures may have to be 
raised or lowered, depending on the nature of the work, I submit for 
comparison some actual temperatures obtained from pouring acid open- 
hearth steel into a particular kind of casting. 


Actual 

Theoretical 


Tapping 

TxMPKBATtrBBB 

Enixbino 

Peb Cent. Ladle, 

Cabbon Deobbbb C. 

0.30 1630 

0.30 1595 


Teeming Tempbbatxtbb 
Beginning, End, 

Degbbeb C. Dbgbebb C. 

1490 1500 

1560 1530 


The extreme drop from tapping to beginning of pouring is probably 
due to the length of time the steel was held in the ladle, the metal near the 
bottom being chilled and that at the top of the ladle imder the slag 
being hotter. 

There are conditions under which an excessively hot steel, even in the 
furnace, may be detrimental ; the steel should be no hotter than required to 
flux out readily the products of oxidation, in the form of non-metallic 
inclusions. When selecting deoxidizers, or scavengers, suitable combina- 
tions should be chosen so as to form complex slags of the lowest melting 
points that will rise most effectively out of the molten bath of steel. 
Many excellent deoxidizers do not have slag-forming properties, and 
unless they are combined with other agents, will remain in the steel 
regardless of temperature. As extremely hot steel has a greater solvent 
power for gases than steel at a lower temperature, the reason is obvious 
why a temperature higher than that required to clean the steel from non- 
metallic inclusions is unnecessary and even harmful in instances where 
residual silicon and manganese are high. 

The author attributes the failure of the low-carbon steels to effervesce 
when excessively hot to the manganese in low-carbon effervescing steel 
where silicon is not present. The same thing would occur, perhaps to a 
more pronoimced degree, if residual silicon were present and a growing 
ingot would be the result. Foundrymen will also observe some difficul- 
ties in trying to kill an excessively hot steel that contains high 
residual sUicon. 

H. W. Gillett,* Washington, D. C. (written discussion). — It is to be 
hoped that the object of this paper — ^to bring to light quantitative data 
on finishing temperatures — ^will be attained in the discussion. Such 
data exist and should make it unnecessary to go back to 1882. At the 
Charleston Naval Ordnance plant, temperatures of the tap and of the ladle 
stream were taken steadily for four years and were considered indispen- 
sable. One modem alloy-steel plant has an optical pyrometer in this 
service 24 hr. a day. This plant, and others, are activdy looking for a 
means for measuring the temperature of the steel in the furnace below the 


*C3u^, Dhr. of Metalhngy, Bureau of Standards. 
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slag. They realize that for actual furnace control the ample experience” 
and ^'good judgment” mentioned must still be called upon, but find it 
an advantage to check the melter’s judgment by determining tapping 
temperatures. They look forward to the time when they can shorten 
the period of training a new melter by teaching him in a day or a week to 
handle a pyrometer and turn out heats at a predetermined temperature, 
instead of waiting ten years for his experience and judgment to mature. 

Modem makers of quality steel are not so pessimistic about actual 
temperature measurements as is the author. Competent American steel- 
makers question the allegation that foreign practice or gun steel involves 
excessively” high temperatures; tmtil both foreign and American 
practice can be reported in degrees, instead of assumed” degrees, or by 
adjectives, the question will remain open. 

Many minor statements are open to question or to qualification. Are 
iron sulfide and ferrous oxide soluble in iron? Are manganese sulfide and 
manganese oxide insoluble? Is carbon ''undoubtedly in combina- 
tion” in molten steel? Does metal have a greater solvent power for gases 
the higher the temperature? Is the gas in the skin holes hydrogen? 
Lowering of the melting point will rarely be directly proportional to alloy 
content. Rumelin and Nick^ find the lowering due to manganese double 
that stated by the author, though the difference is negligible. 

Popp® has given data on about 100 heats from 40-ton furnaces at the 
August-Thyssen-Hiitte. He used an optical pyrometer, his corrections 
for deviation from black body conditions are within 2® C. of those given 
by Burgess.^ The average temperatures measured by Popp differ con- 
siderably from those assumed by Hibbard. Instead of a 50® difference 
between tapping and mean teeming temperatures, Popp finds an average 
of 36®. For 0.10 per cent, carbon steel, Hibbard's mean teeming tem- 
perature is 1665®; Popp's 1646®, a difference of 80®. For 0.20 per cent, 
carbon, Hibbard's temperature is 1555®, Popp's, 1620®, a difference of 
70®. For 0.30 per cent, carbon, Hibbard's temperature is 1546®; Popp's, 
1590®, a difference of 45®. The time from tapping to teeming ran from 
6 to 8 min., i, e., closely the same as that assumed by Hibbard for Table 1. 
Teeming took* 15 to 20 min. from the 40-ton furnaces against Hibbard's 
assumption of 30 min. for a 60-ton furnace. Popp finds that with a 
suitable slag layer on the ladle, the teeming temperatures actually rise, 
at least up to a period of around 20 min. instead of falling; his explanation 

*Ferrum (1915) ^ 41. 

*C. Popp: Abstich — ^imd Vergiesstemperaturen von Martinstahlschmelzungen. 
Bar. der FachausachHaae des Vereina deutacher EiaenhiiUerdetUe (July 17, 1924), 
Bericht Nr. 46. 

^G. K. Burgess: Temperature Measurements in Bessemer and Open-hearth 
Practice. Bur. of Stand. Tech, Paper 91. 

VOL. uaa. — 82 
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agrees with that put forth by Hibbard to explain his small assumed 
temperature drop in the ladle. 

The differences between the Popp and the Hibbard temperatures for 
the stream entering the ladle on tapping, for 0.10, 0.20, and 0.30 per cent, 
carbon, 65°, 50°, and 30° C. Hibbard’s temperatures, plotted against 
carbon content, give over this ran^ a line parallel to the melting point 
curve, while Popp’s show a greater temperature interval, the lower the 
carbon. Conversely, at higher carbon content, extrapolation of Popp’s 
data would indicate a better agreement with Hibbard’s assumptions than 
at the low carbon. It is reasonable to suppose that there is not really 
50° to 70° C. difference between the average finishing temperature of a 
0.20 per cent, carbon steel in Germany and in the United States. 

I. A. Biluab, Burnham, Pa. (written discussion). — ^While I agree 
that tapping and teeming temperatures are important, I do not believe 
that a variation of 20° F. can be shown to make steel “off” in quality. 
The manufacture of steel is not such an exact science that such small 
variations in temperatures have any influence on the quality of the 
final product. 

More killed steel is injured by improper manipulation of the bath than 
by small variations in casting temperatures. Practices, such as melting 
heats too low in carbon to have ample time for refining, in order to cut 
down the time per heat, oreing a heat almost to tapping time, using coal 
or coke in the ladle and using large quantities (100 lb. to a 60-ton heat) 
of aluminum in the ladle are more likely to result in lower quality products 
than a reasonable variation in casting temperatures — say 50° F. plus or 
minus from the ideal established in each plant. 

In Tables 2 and 3 are shown data on twenty acid heats taken at 
random from our files. The chaises are 130,000 lb. in 55-ton furnaces, 
tapped into cold ladles and held 10 to 30 min., depending on tapping 
temperatures. This interval is taken from the time the slag sta^s to 
run over the lip of the ladle. The 55-ton ladles have a linin g varying 
from 7 in. thick at the top to 11 in. thick at the bottom and 9 in. of 
brick over the bottom; 2-m. nozzles are used and all steels are top poured. 
About 1000 to 2000 lb. of skull remains in the ladle after teeming, which 
takes 35 to 75 min. depending on the number of ingots. Fifty per cent, 
ferrosilicon and 80 per cent, ferromanganese are added in the furnace and 
fuel and air are shut off about 20 to 25 min. before tapping. Slag tem- 
peratures are taken immediately after shutting off the fuel and before 
additions are made. 

The large drop from tapping temperature to teeming temperature is 
due to tapping into a cold la^e with a heavy lining and also to the length 
of time the heat is held in the ladle. After the heavy lining is thoroughly 
heated by the steel the drop in temperature is slow, averaging 65° F. 
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during teeming, which is not far from the author’s allowable drop, although 
he assumes, in Table 1> that teeming takes 30 min., while our time will 
average 50 min. Our average tapping temperatures for 0.70 and 0.48 
per cent, carbon steel agree almost exactly with those shown in Table 1, 
but our teeming temperatures are considerably lower. 

The author recommends that the tapping temperatures shoidd vary 
to compensate for a large or small charge. This has not been our experi- 
ence. We tap 90-ton heats at the same temperature as the 55-ton heats, 
and find temperatures during teeming to be about the same as on the 
smaller heats. 

I have never been able to detect any variation in the behavior of the 
ingots in the press or rolls that might be traced to a difference in casting 
temperature of 50° F. from our average. In other words, an 8200-lb. 
ingot teemed in 2^^ min. at our average temperature of 2675° F. and a 
similar ingot teemed in the same time at 2625° F. will not show any 
difference in skin defects. If the heat has been properly made neither 
should show any defects when rolled or pressed. Teeming speed is of 
more importance in the elimination of skin defects. We have repeatedly 
teemed alternative ingots from the same heat at high and low rates of 
speed and carefully compared results after blooming; the faster poured 
ingots always showed more skin defects. 

I have never been able to notice any difference in physical properties 
due to 50° F. difference in casting temperatures. Physical tests from 

Table 2 

Furnace charge 130,000-lb. acid steel, top poured through two 2-in. nozzles; average 
final analysis, carbon 0.70 per cent., silicon 0.22 per cent., manganese 

0.66 per cent. 



Temperature, Degrees F. 

Teeming 

Time, 

Min. 

Number 
of Ingots 
Poured 

Per 

Cent. 

Carbon 


Slag in 
Furnace 

25 Min. 
Before 
Tapping 

Tapping, 

Entering 

Ladle 

Teeming, 

Begin- 

ning 

Teem- 

Minutes 
Held in 
Ladle 

1 

3035 

2880 

2720 

2610 

15 

64 

145 

0.69 

2 

3105 

2880 

2690 

2625 

15 

38 

111 

0.73 

3 

3025 

2850 

2670 

2600 

15 

48 

154 

0.72 

4 

3025 

2860 

2690 

2600 

15 

44 

115 

0.66 

5 

3060 

2865 

2650 

2580 

14 

52 

122 

0.72 

6 

3020 

2860 

2670 

2625 

18 

53 

125 

0.70 

7 

2980 

2790 

2650 

2600 

10 

49 

113 

0.75 

8 

3045 

2850 

2690 

2610 

15 

45 

122 

0.67 

9 

3025 

2840 

2690 

2625 

11 

43 

129 

0.75 

10 

3025 

2810 

2650 

2600 

15 

47 

79 

0.67 

Ave 

3035 

2849 

2677 

2608 

14 

48 

121 

0.70 
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heat-treated products or from specially made test ingots do not show 
Tttriations that can be traced to variations in casting temperatures. 

I agree that the use of a pyrometer to tell the temperature of the 
open-hearth bath metal is of doubtful value. 

Table 3 


Furnace charge 130,000 lb. acid sted, top poured through one 2-in. nozzle; average 
final analysiB, carbon 0.477 per cent., ^con 0.20 per cent., manganese 0.60 

per cent. 




Temperature, Degrees F. 

1 


Number 
of Ingots 
Poured 

Per 

Cent. 

Carbon 


i Slag in 

1 Furnace 
25 Min. 
Before 
Tapping 

Tapping, 

Entering 

Ladle 

Teem- 

ing! 

Begin- 

ning 

Teem- 

E% 

Minutes 
Held in 
Ladle 

Teeming 

Time, 

Min. 

j 

1 

3080 

2880 

2690 

2615 

15 

58 

18 

0.48 

2 

3075 

2880 

2650 

2600 

20 

61 

15 

1 0.45 

3 

3060 

2880 

2710 

2610 

20 

71 

15 

0.46 

4 

3130 

2880 

2670 

2600 

20 

^3 

15 

! 0.48 

5 

3045 

2810 

2650 

2610 

15 

53 

15 

0.45 

6 

3045 

2830 

2650 

2580 

15 

62 

15 

0.48 

7 

3075 

2890 

2690 

2625 

18 

41 

15 

0.46 

8 

3025 

2850 

2690 

2580 

14 

45 

15 

0.55 

9 

3090 

2930 

2680 

2610 

30 

55 

15 

0.48 

10 

3030 

2880 

2680 

2610 

15 

50 

15 

0.48 

Ave 

3065 

2871 

2676 

2604 

18 

56 

15 

0.477 


All except No. 1 poured into 23-in. round molds with round corrugations; weight 
of mold 15,000 lb. Weight of ingot 8,200 lb. 


W. P. Babba, Philadelphia, Pa. (written discussion). — The author 
says : “ Three things largely determine what a batch of steel really will be ; 
viz., composition, casting temperature, and rate of teeming.” Composi- 
tion should include the degree of refinement, all of which was fully 
discussed by Doctor Howe and the writer in a paper* read in 1922. Cast- 
ing temperature, joined with rate of teeming, is a very mixed problem, 
involving elements of composition, refinement, size of ingot mold, shape 
and character of ingot mold, method of pouring (that is, top or bottom), 
and the casting temperature chosen out of these varying elements cannot 
be stated in terms of degrees of temperature for anything except one 
particular set of these conditions. Rate of teeming, and consequent 
casting temperature within the ingot, which alone is important, shoidd be 
regulated by the judgment of tlm man in charge of pouring, carefully 

'Add Open-hearth Process for Manufacture of Gun Steels and Fine Steds. 
Trant. (1922) 67, 172. 
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observing and judging all these conditions from the appearance the 
metal as it rises in the mold. Therefore, within the problem of maUng a 
good ingot, casting temperature is perhaps one of the widest permissible 
variables and should not be sought to be governed by a fixed p 3 rrometric 
measurement of temperature. 

It is true, as mentioned in the third paragraph, that most results 
hitherto reported ** demonstrate the efficiency of pyrometers used rather 
than aid the steelmaker.” In this connection, one is reminded of the 
early days of pyrometers used for measuring temperatures of steel in 
heating furnaces, when the revered William Metcalf, much doubting the 
then efficiency of any pyrometer offered, ventured the statement that 
‘'the God-given pyrometer, the eye, was much the most sensitive and 
dependable when properly educated.” This is supported by parallel 
work when the microscope entered the field of iron and steel metallo- 
graphy, because those of us who were interested in the pioneer stages of 
the application of the microscope found that it was necessary to make 
many, many thousands of observations before lines of incidence could be 
observed and deductions drawn. Much the same situation presents 
itself on pyrometric observations of pouring temperatures of steel, and 
the contributing and collateral data are even more important for close 
observations and recording in a well worked out daily log of each 
heat and operation than is the mere recording of an observed 
pyrometric temperature. 

Under the caption Pouring Temperatures, the paragraph beginning 
“The effect of temperature on crystallization,” the author has well 
stated truths, whose elements have been carefully worked out. But, in 
the first paragraph on page 478, the author^s claim that “there is little if 
any segregation” should not be taken as dogmatic, because the size of the 
ingot, the chemistry of the steel as concerns much or little mass of segre- 
gating elements, and the degree of control of pouring, as many times 
described, will greatly affect the truth of such a statement concerning segre- 
gation. One might call attention to an oft-stated ideal condition of 
pouring by repeating: “The ideal temperature for casting a good ingot 
is to have matters so arranged that the ingot is filled with fiuid metal 
during one second of time, and completely solidified, though not chilled, 
during the next succeeding second of time, and that any departure from 
this ideal, impossible result, is a modification of the ideal.” * 

To sum up, careful recording of vital elements in each heat of steel, 
checking these through the further manufacture to the point of ultimate 
use, governed by the exercise of good judgment based on wide 
experience and many recorded and investigated observations are essential, 
whether assisted by a p 3 rrometer or heat observation, or not. To this, 
it is proper to add that, like the microscope, the pyrometer is coming more 
and more to supplement and supplant judgment by scientific records. 
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Perhaps it is appropriate to state that on pages 481, 482, and 483, the use 
of history from a bibliography not too fresh is given greater authority 
than today it might be thought to deserve. 

Jerome Strauss, ♦ Washington, D. C. (written discussion). — Discus- 
sion of actual melting and pouring temperatures, in the hope that through 
it means will be found for the transfer of an ideal practice for a given 
material from one manufacturing plant to another, seems to strike far 
from the mark when, in shop practice, there is no means for readily 
measuring those temperatures with the degree of precision required. 
The author speaks of ideal temperatures and then lays great stress on 
the value of qualitative tests that serve as indices of temperature but are 
liot capable of translation into actual temperature values. If a tempera- 
ture difference of 10° is sufficient to differentiate between normal and off 
quality metal, devices of so much greater sensitivity (to say nothing of 
accuracy) than we possess must be developed, that the general applica- 
tion of such measurements in steelmaking lies far in the future. Because 
of the 30° temperature fall between the first and last ingot of the author^s 
average heat, two-thirds of each melt must be of off quality. By the 
same token, the top and bottom of a large ingot, such as an armor-plate 
ingot, must be of vastly different character as a result of temperature 
effects alone. Much proof must be forthcoming before such statements 
can be generally accepted. 

The important factor, from the viewpoint of the steelmaker, in so far 
as pouring and teeming practices are concerned, is not the actual tem- 
perature of the bath or the stream of molten metal but rather the differ- 
ence between those temperatures and the solidification range of the metal. 
These differences are measurable with a precision satisfactory for the 
purpose by means of the spoon test (setting time). This test is considered 
to be of more value than any of the other tests mentioned or with which the 
writer is acquainted, being affected only by the temperature of the spoon, 
the thickness of the film of slag obtained on the spoon before sampling, 
and the temperature of the atmosphere in the vicinity of the furnace. 
When practice in any one shop has been standardized, the effect of these 
variables, as judged by the character of the cast metal, is so small as to 
be unobservable. 

The author has used the word ‘Equality'' rather recklessly and with 
presumably different meanings. Quality as determined by the absence 
of surface defects and pipe in the rolled product or quality as measured 
by ability to obtain, either normalized or after heat treatment, longitudinal 
tensile and impact results of a predetermined magnitude, is far different 
from quality as required in the form of uniform strength and ductility in 
all directions such as in structures subjected to high transverse stresses, 
both static and dynamic. The use of this term indiscriminately without 
♦ Material Engineer, U. S. Naval Gun Factory. 
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qualification, in reference to such widely different material as plate steels, 
automotive steels, and steels for ordnance construction is indeed to 
be discouraged. 

From the standpoint of the extremely high requirements demanded, 
material for ordnance construction forms a class in which the tempera- 
ture of the metal entering the mold is a vital factor. Many other vari- 
ables of the steel-making process may be slighted to an appreciable degree 
and yet yield a product closely approaching the best, if the teeming tem- 
perature is low and solidification rapid. Even with steels of about 0.5 
per cent, carbon, which are frequently used for these purposes, it is diffi- 
cult to see how a high pouring temperature (quoted by the author from 
Caspersson’s work) would produce “quality” metal. Perhaps crucible 
steel of good grade can be obtained from molten metal that is excessively 
hot but the ingots are unusually small and solidification most rapid; 
nevertheless, it must be proved that such metal is not poorer than that 
poured at a lower temperature but produced under otherwise like condi- 
tions. True enough, a long time in the mold in the molten state will 
permit the steel to disgorge non-metaUic particles formed while cooling 
and those mechanically dragged into the mold with the metal and also 
permit the formation of an extensive pipe, even in big-end up, hot-topped 
ingots. But are these effects alone, indications of high quality? Is it 
not better to permit mechanically entrapped non-metallic masses and 
those formed during a large portion of the cooling in the molten state to 
separate in the ladle? Great objections have been made by many whose 
operations are on otjier than a tonnage basis alone to the practice “mak- 
ing steel in the ladle;” it would seem to be going from bad to worse to 
have avoidable steel-making reactions taking place in the mold. It 
has frequently been demonstrated, in the writer’s work, that serious 
troubles arise from those non-metallic particles that separate from the 
liquid metal, and to some extent combine with one another, during 
passage of the metal through the solidification range. Undoubtedly 
great changes of solubility occur during this period (probably more than 
in an equivalent temperatiue drop above the Uquidus) and the particles 
so separated have little time to escape from between growing crystalline 
masses, through a very viscous liquid. The use of a high pouring tem- 
perature will lengthen the time taken by the molten mass in cooling from 
the Uquidus to the soUdus, thereby permitting these precipitated materials 
to separate more completely from the solvent and to accumulate into 
massive continuous films. Rapid cooling by pouring from a relatively 
low temperature into a mold at ordinary temperature largely prevents 
their separation and a^lomeration in a degree varying with the size of 
the ingot and with the mold design. It would seem desirable, therefore, 
and this practice has proved eminently satisfactory, to tap steel from the 
furnace into the ladle at a temperature sufficient to permit holding in 
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the ladle as long as possible; without formation pf a skull so thick as to 
make pouring difficult; and still leave the metal at such temperature that 
it may be tapped into the mold at the desired rate and provide just a 
sli^t margin of safety between the temperature of the metal stream at the 
end of pouring and the temperature of initial solidification. 

It is desirable; from a quality standpoint, to permit cooling to occur 
in the ladle rather than in the furnace. Although the slag condition in 
the furnace may be such as to help free the metal from objectionable 
impurities, other impurities are constantly being transferred to the bath 
by reaction with the hot furnace hearth; even in a highly heated ladle, a 
thin film of solid steel first forms, protecting the metal from reaction 
with the lining and, in contact where obtained, the much lower tempera- 
ture of the ladle lining as compared with the furnace hearth makes appre- 
ciable reaction with the metal far less likely. 

In brief, there are many factors influencing the physical characteristics 
of a steel ingot. For the very highest performance of the product, all 
of these influences must be subjected to the most careful control that 
available knowledge and appliances will permit. However, small varia- 
tions of pouring temperature seem to exert a greater effect than changes 
of a relatively similar magnitude in the other factors. While it is desirable 
to cause the separation of those gases, oxides, sulfides, etc. and their 
reaction products, that are generally considered to be detrimental to 
steel, such amounts as tend to separate in the solidification range are most 
probably less harmful when retained in solution than when in the form 
of intergranular particles and films. Practices th^t tend toward this 
end, through the use of low pouring temperatures and high solidification 
rates, are productive of true quality. 

Harry H. Smith,* New York, N. Y. (written discussion). — It is 
indeed difficult to determine, with any degree of accuracy, the tempera- 
tures of open-hearth steel while in the furnace, being tapped into ladle, 
or teemed into molds. The slag in the furnace and the burning gases, 
while the steel is being tapped or teemed, offer serious obstacles to the 
determination of accurate temperatures by means of the optical pyrom- 
eter. Difficulty of installation has kept other forms of pyrometers from 
being used to any extent. 

The accurate temperature of the steel, fortunately, is not necessary 
to produce first-class steel, as each heat is tested by means of ^^fracture*^ 
and spoon tests'^ for approximate carbon analysis and fluidity of the 
met£d respectively. Inasmuch as most heats vary in some detail in 
chemical analysis, the best temperature for tapping each heat also varies. 
Accordingly the determination of the fluidity of the metal by the spoon 
test, that is, the way it clears the spoon, seems to be the best practical 
method of determining whether the heat will teem satisfactorily. 

* Metallurgical Engineer, Bourne-Fuller Co. 
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Whether or not the steel has been made satisfactorily can best be 
determined after the steel has been semi-hnished; that is^ in the form of 
billets or bars. The problem then is to determine, in the case of a bad 
heat, just what operation has been responsible for the failure of the steel 
to pass the necessary tests. 

Beside the furnace and teeming operations, it is necessary to use 
proper kind of ingot molds and to have proper soaking-pit conditions. 
Ingot molds of various types have been known to yield different quality 
of steel billets or bars from the same heat. At one plant, better steel has 
been produced by using a fluted mold instead of the usual tapered rec- 
tangular or square mold; while by using similar molds at another plant 
the opposite results were obtained. The type of mold also controls, 
to a large extent, the rate of cooling of the steel. 

The overheating or burning of the ingots while in the soaking pits and 
the rolling of ingots at too low a temperature have caused many heats 
that had been properly made and teemed to be condemned. A 
certain definite type of equipment and plan of procedure must be deter- 
mined for each operation in each plant in order to secure best results. 

Henry D. Hibbard (author’s reply to discussion). — The paper is not 
a discussion of processes but deals with the finishing temperatures of 
steels as they are actually made, whether properly or not. The author 
agrees that ofttimes steel should be made better than it is. 

As for training the eye to the work, it may be said that no steel melter 
depends on his eye alone for governing temperature; other things, men- 
tioned in the paper, help him. 

Table 1 is, in aim, ideal. Wider variations in temperature may admit- 
tedly be allowed in ordinary practice without disaster. By the term 
‘'off,” the author does not mean that the steel is ruined but only that its 
mechanical properties are inferior to what they would be were the finish- 
ing temperatures within the ideal limits. Particularly, it would have 
less ductility and lower rating in the impact test. 

When compiling the table, the author did not have the fusion tem- 
peratures of iron containing silicon or manganese, separately or together. 
He only aimed to get within 10° C.; the assumptions as to the effects of 
those elements would probably not introduce an error greater than that. 
If, however, Messrs. Zimermann and Feild think the qualified assump- 
tions in this connection to be unwarranted, let them tell what the effects 
are of 0.2 per cent, of silicon and 0.6 per cent, of manganese on the 
fusion point of simple steel. The fusion points of the iron-manganese 
system, now being determined by the Bureau of Standards, will indeed 
be welcome. 

Since the table was made the author has compared it with operating 
temperatures in steelworks; there were discrepancies but the average 
results agreed fairly well with the table. Other tables may be made up 
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and used by any one, for steel castings, large ingots, or alloy steels, but if 
we can agree on one for the steels and conditions considered in the paper, 
we will have a good starting point for the others. 

What Messrs. Barba and Styri define as refining, the author would 
consider as comprehended by what he termed composition: not, indeed, in 
the usual ultimate analysis but using the term to take in every ingre- 
dient in the metal without exception and whether determined or not. 
Mr. Styri has criticized the steel-making processes alluded to and, 
though not germane to the subject, it may be worth while to consider 
the criticisms briefly* He calls killed steels well made and then says 
that they are not all good. In fact, the worst steel the author ever saw 
was killed. It is easy to kill steel, but that alone gives it no claim to 
quality. The claim that partly killed steels are poorly made, though 
usually true, cannot be universally accepted as some serve their pur- 
pose as well if not better than if they were completely killed. Then 
he calls effervescing steels rotten. The author asks how else he would 
make steel for boiler plate, which, rolled direct, would stretch from 30 to 
35 per cent, in 8 in. in the tensile test; and how else steel to make sheets 
with clean, smooth good-looking surfaces; and how else steel for welded 
pipes? Millions of tons per year of effervescing steel are made for each of 
these purposes. Effervescing steels were, indeed, made 40 years ago and, 
in the author’s opinion, will be for 40 years to come, because when prop- 
erly made, they are best for certain purposes. He will go so far as to 
admit and insist that no steel whatever should rise in the mold after 
teeming; when it does it is always inferior. The all-around steelmaker 
must be able to make the kind of steel wanted, which is determined by 
many conditions, and not by the single one of prevention of gasholes. 

Mr. Styri’s speculations as to insufficient degree of heat in the past 
have no foundation. Forty years ago, it was as easy to attain in a steel 
furnace the highest temperature the silica brick would stand as it is now. 

In the absence of analyses of the gases in the different kinds of gas- 
holes in steel, which are sorely needed, the author has always been careful 
to state only the probability that hydrogen is the chief ingredient of 
skin-hole gas. 

Balancing all the remarks and criticisms contributed, the author sees 
no reason for modif 3 ring Table 1 at present, but the field is open for any 
one to offer one more nearly correct. If data therefor exist, this surely 
ought to be done. 
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Manufacture of Ferrophosphorus at Rockdale, Tenn. 

By James A. Barr,* Mt. Pleasant, Tenn. 

(Birmingham Meeting, October, 1924) 


Ferrophosphorus, an alloy of phosphorus and iron or perhaps a 
physical mixture of definite compounds of iron and phosphorus, has 
become of increasing importance as the use of the basic open hearth 
has extended. Commercial ferrophosphorus is a porous, brittle metal of 
crystalline structure and often with a bluish metallic luster. A typical 
analysis is as follows: 

P*B CkNT. 


Phosphorus 

Iron 

Oxygen 

Sulfur 

Silicon 

Carbon. . . . 
Manganese. 


18.0 to 22.0 

80.0 76.0 
0.2 

0.3 

0.1 

0.1 

0.2 


This alloy was first made in an electric furnace, as it was thought 
that the high heat of the electric arc together with the reductive effect 
of carbon was necessary. 

About 1898, J. J. Gray, Jr., was producing a high-phosphorus pig 
iron in his furnace at Rockdale, Tenn., by using high-phosphorus, local 
iron ores. As these high-phosphorus ores were difficult to obtain, he 
conceived the idea of increasing the phosphorus content of the pig iron 
by the addition of phosphate rock to the furnace burden. When the 
phosphorus content of the pig was kept low and only small amounts of 
phosphate rock were added to the burden, no particular troubles were 
encountered, but when he increased the amount of phosphate rock to 
produce an 18 per cent, alloy, his furnace troubles rapidly multiplied. 
After many failures and freeze-ups, he was partly successful in making 
short campaigns on 18 to 20 per cent, ‘‘ferro.^’ 

At first, when the furnace got in bad shape on ferro, he would switch 
to a regular pig-iron burden until the furnace was brought around suffi- 
ciently to start on ferro again. About this time, Mr. Gray applied for 
and obtained his first patent. 

As he grew more skilled in the furnace operations, he was enabled 
to extend the furnace campaigns and produce ferrophosphorus continu- 
ously for the life of the furnace lining. These improvements were made 
the subject of another patent issued in 1916. 


* Cons. Min. Engr., International Agricultural Corpn. 
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Essentially, ferrophosphorus is the result of smelting a mixture of 
iron ore, phosphatic rock, siliceous flux and coke, imder intensely reducing 
furnace conditions, with heated blast, above a bath of molten slag 
and ferrophosphorus. 


Chemca) AcKon in Blos^ Rnnace 
AcQHidingioSMghlQn 


i h^hsj 



l^}C^ak^ 2 COCrapid) 

noCr DeposiHon of Carbon ceases 

•Pe+CO(begtrTs ) — 

GUg COHfWt ^XfST b€lOW fftiS i 


SimlHg($)SOi*K-Si*eCOr 

^(l0Mi<a(>K<aSi-FerCO 
Zone (iDMnOg-hX-Mhi^BCO 


Tuyerei 



Chemical Action in Blast Furnace 
Produdrg Rnnophospharus 
Potby J.j.6rGiy,Jr, Rockdal^Tenn 


490" Cakeabsorbs^ 

/ fe dissolves Rt. 
l 2 FetC^” 4 f\' 
2fe2O!sr8C0 

-S 7 S* Fe*COk-feOtCO 

"45 --771?* J 2 hr%* 4 /^P 


t - JOSS' C*CCfi-2C0(rmd) 

— Depostbonof Carbon ceases 

-1300" fe(OrC~Fei'CO(btgins) 
m" 6 Fei-F^- 2 FejP 
CaCO^nCaOKQs 


o ^2CO(prevails) 

2050^ COz carmofexisf 
Fe^PdissoImfi. 

C^e releases fk 

\2S00'*C'i-He0^H2*C0 
\ SiOk^?C'5i*2CO 

• FeS*Ca0*C<aS*Fe<0 

Mn(k*2C*Mn*2CO 
ROs*SC‘2P*SCO 

•JCaSC^liidCO 
CiPe^QsOCO 
’Cili*4C»2CaCfi‘f^ 
3CaCe*39Ai30’JCaSi^fC 
CofjRQ8*2^ •Ca^*2CaSiQs 
CatLOe*SiOz»CaSiQsi-fy^ 
RQs*SC^fi*SCO 
CojRC^SQfCefiOriCdSiQi 
Cai407*7C<agR*7C0 
Cqgf^4C‘2CaCz*‘^ 

X»2FePi-8CO 
some Phosphorus. 



Fig. 1. — ^Blast furnace reactions. 


The iron ore, a limonite, is obtained from Mr. Gray's mine, 60 miles 
souUi on the Louisville & Nashville Railroad, at Iron City. The ore 
is a nodular variety occurring in a clay matrix. The beds are stripped 
and mined by steam shovels, hauled by side-dump cars and locomotives 
to washers, where the clay is wafted out in log washers and trommels, 
followed by McClanahan-^tone jigs for the separation of flint. The 
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concentrated ore inns about as follows: Iron 45 per cent., silica 10 per 
cent., phosphorus 2 per cent. Silica flux is obtained from jig tailings, 
which run quite high in iron as well as silica. Sometimes small amounts 
of washed sand and gravel, from Spruce Pine, Ala., are iised. 

Phosphate rock, in the lump form, is obtained from the Mt. Pleasant 
field about 6 miles to the north ; a large firm lump being preferred, running 
high in BPL (Ca«P20s) and low in free lime. A typical analysis is: 

Pbr Cbnt. 

CaiPgOg 76.0 to 78.0 

Equivalent to P 15.2 to 15.6 

SiO, 4.5 

Free lime, CaCOj 5.0 

Other materials may be used in the furnace burden, such as mill 
cinder, nmning high in iron and silica, iron turnings, scrap pig, and shot 
ferrophosphorus from the magnetic separating plant. 

A good firm grade of coke is used and the braize is screened out in the 
usual manner. The presence of too much fines in the burden tends to 
form scaffolds and make the furnace slip. 

All the incoming materials are brought in on a high line from L. & N. 
connections and dumped from a trestle into a concrete tunnel, in which a 
charge car, with a multiple-scale beam, operates to collect the furnace 
charge. The charges are dumped into a skip, hoisted on an incline track, 
and end-dumped through a single-bell top into the furnace. The furnace 
has the following dimensions: Height 40 ft., inside hearth diameter 8 ft., 
bosh diameter 12 ft., bosh angle 80®. 

The hearth and bosh are water-cooled, as the molten charge is very 
corrosive and would soon cut its way through an uncooled jacket and 
lining. Six water-cooled bronze tuyeres are connected through the 
usual penstocks and nozzles to a brick-lined bustle pipe, which distributes 
the blast. 

The furnace gases are handled at about 450® to 500® in a brick-lined 
downcomer through two dust catchers into a cast-iron balloon gas washer; 
the flue dust is wasted. 

A battery of four checker-filled single-pass stoves use part of the 
furnace gas to heat the blast to around 1000® F. 

The remainder of the gas, and there is a large excess over the usual 
iron blast furnace quantities, is burned under a battery of Rust water- 
tube boilers, which supply steam for blowing engines, pumps, and 
general purposes. 

Blast is furnished by a McClanahan-Stone, horizontal, poppet-valve 
engine of very early manufacture, but still giving excellent service. It is 
equipped with leather flap valves, a forerunner of the modem plate valve; 
the cylinder is 6 by 6 ft. and when run at the usual 24 r.p.m. furnishes 
7200 cu. ft. free air per minute at 12 to 15 lb. pressure. A smaller vertical 
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Weimer blowing engine is kept in reserve. The proper manipulation of 
blast volume is very important. Too much air causes the melting line 
to rise, tends to form scaffolds, and bums coke needed for the reduction 
of phosphoms. 

The usual operating procedure is to add five regular charges counting 
of : Phosphate rOck, iron ore or mill cinder, high-silica tailing, shot ferro- 
phosphorus, coke — about twice amount used in pig-iron practice. 

Every fifth time, a regular pig-iron charge is added to help keep the 
furnace working freely and consists of iron ore, limestone and coke. 
Sometimes a blank coke charge is added in addition to the above, accord- 
ing to the needs of the furnace. 

Slag is tapped every 3 hr., into a water-filled granulating pit. The 
following analysis is typical: 



Pbb Cbnt. 


Pbb Cbnt. 

A1,0, 

5.18 

PiO, 

7.33 

SiO, 

43.59 

S 

1.07 

CaO 

35.18 

MnO 

0.54 

FeO 

4.96 




The ferrophosphorus is tapped every 6 hr. and run on to a floor paved 
with cast-iron bricks, where it cools in thin slabs and can be easily broken 
and handled. At the end of the cast, when the iron notch is blown free 
of slag by blast pressure, the presence of lumps of incandescent coke is 
very noticeable and shows that it is present in the tuyere zone to effect 
the reduction of the phosphorus. 

The capacity of the fiumace is 35 tons of ferro per 24 hr. or about half 
that of usual pig-iron production. 

Some phosphorus oozes out of the cracks in the jacket and collects 
under water. During the war, this was scraped up and sold. Occasion- 
ally white fumes of phosphorus burning to PjOs can be seen. Some of 
the phosphorus is lost in the stack gases and the remainder in the slag. 
The problem of saving P 2 O* from blast-furnace gases is complicated by the 
large volume, i. e., about five times that from an electric furnace. 

As the slag contains considerable shot ferrophosphorus, provisions 
are made for its recovery. The slag is dipped from the granulating pit by 
a bucket-operating locomotive crane and dumped on to a drainage pile 
and fboally fed by the same crane into a hopper located over the feed of a 
5 by 40-ft. direct-heat, coimtercurrent, rotary dryer. The dried slag is 
elevated and discharged on to a Dings belt-type magnetic separator. 
The reclaimed slag is fed back with, the furnace burden as previously 
d^ribed. The rejected slag is chuted directly into railroad cars for 
use as ballast. 

Ferrophosphoras is mainly used for increasing the phosphorus content 
of steel and is added directly to the ladle The writer observed one 
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steel company adding 650 lb. to the 100-ton ladle. As is well known, 
the basic open hearth removes practically all of the phosphorus from the 
steel. When rolling thin sheets it has been found that a small percentage 
of phosphorus is necessary in the steel to make the sheets strip readily. 
Certain other classes of steel also require small amounts of phosphorus in 
exact quantities. Ferrophosphorus may also be added to a cupola charge 
where the pig is too low in phosphorus for the casting requirements. 
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Some Factors Affecting the Elimination of Sulfur in the 
Basic Open-hearth Process 

By C. H. Hbrty,* Jr., A. R. Bblyba, E. H. Burkart, and C. C. Miller, f 
Lackawanna, N. Y. 

(New York Meeting, February, 1925) 

The removal of sulfur from steel has been studied by many investi- 
gators, but the quantitative relationships between the factors involved 
have not been determined. This is undoubtedly due to the number of 
variables encountered in practice, an attempt to study any one reaction 
or relation being affected by other reactions the relative importance of 
which cannot be estimated. 

The factors that affect the extent of removal of sulfur in the basic 
open-hearth process are generally considered to be : 

1. Basicity of the slag: (a) Iron oxides in the slag; (6) carbon in the 
metal or carbide in the slag; (c) temperature. These factors affect 
the reactions: 

FeS + CaO = CaS + FeO 
FeS + CaO + C = CaS + CO + Fe. 

2. Amount of sulfur in the gas. 

. 3. Amount of manganese in the metal. 

The factors which affect the rate of removal of sulfur include, in 
addition to these: 

4. Fluidity of the slag: (a) Normal changes in fluidity with tempera- 
ture; (6) changes in fluidity because of the addition of special reagents 
such as fluorspar. 

6. Agitation of the bath. 

Within the past two years, two papers have been presented dealing 
with the influence of sulfur in the gas on slag and metal. Nead^ has 
shown that if a gas high in sulfur be used for heating, the metal and slag 
will absorb sulfur. Whitely* concluded from his experiments that if a 

* Research Associate, Massachusetts Institute of Technology School of Chemica 
Engineering Practice. 

t Massachusetts Institute of Technology Theses, 1923-24. 

» Absorption of Sulfur from Producer Gas in Open-hearth Furnaces. Trans, 
(1924) 70, 176. 

* J. West Scot: Proc. Iron and Steel Inst. (1923). 
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sulfur-free gas is used; a slow but steady decrease in sulfur in the nietal 
will occur in the acid open-hearth process. Developments of the last 
three years in the field of absorption of gases by aqueous solutions have 
led the author to believe that sulfur absorption and desulfurization in 
the basic open-hearth furnace can be predicted quantitatively. To this 
end experiments have been carried out covering the following subjects: 

1. The distribution ratio of sulfur between gas and slag (a) iron oxides 
formed on melting, (b) slags containing lime. 

2. Rates of absorption of sulfur by slags from gases high in sulfur, 
and rates of desulfurization of slags by gases free from sulfur. 

Experimental Furnaces 

. A small tilting furnace, constructed of magnesite brick and fired with 
illuminating gas and oxygen-enriched air was used to study the distribu- 
tion ratio of sulfur between gas and slag, and the rate of absorption of 
sulfur by slags from gases high in sulfur. This furnace had a capacity 
of 1 to 4 lb. of material. The sulfur content of the gas was regulated 
by adding pure SO2 to the illuminating gas, thus giving in the furnace 
conditions comparable to commercial practice, the hydrogen sulfide in 
producer gas or coke oven gas being burnt to sulfur dioxide in the 
open-hearth furnace. 

2H2S + 3O2 = 2SO2 + 2H2O 

A synthetic slag, free from sulfur, composed of about 40 per cent. FeO, 
30 per cent. CaO, and 30 per cent. Si02 was melted in this furnace and 
allowed to react with the gas until equilibrium between gas and slag had 
been reached. 

A Booth two-electrode furnace B of 100 lb. capacity was used to study 
the rate of desulfurization of slags. Air leakage into the furnace supplied 
an atmosphere initially free from sulfur. This furnace was charged with 
boiler punchings and a slag made with pure lime and pure silica sand. 
Experiments on commercial furnaces were made in the furnaces of the 
Lackawanna plant of the Bethlehem Steel Co. The furnaces are stand- 
ard stationary open hearths of 100 tons capacity, fired with producer 
gas. In the text, the experiments on these furnaces will be designated by 
heat numbers. 

In all furnaces, the sulfur content of the waste gas was determined 
by drawing a sample of the gas through iodine and precipitating the 
sulfuric acid formed with barium hydroxide. 

Results 

Distribution Ratio between Gas and Slag 

Iron Oxide Formed on Melting . — Two heats were studied in the 100-ton 
furnace to ascertain the amount of sulfur picked up or lost by the scrap on 
melting down. Samples of oxide drippings from the scrap were td^n 

▼OL. um. — 88 
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after the scrap had begun to ^'sweat” and at the same time the exit gases 
were analyzed for sulfur. In one of the two heats, a sample of the scrap 
itself was obtained from a mushroom ” that grew out on one of the pieces. 
The scrap charge in these two heats was all rail scrap — ends, blooms, and 
butts. The results are as follows: 


Hxat Numbbb 17-244< 26-P-380 

Sulfur in scrap, per cent 0 . 033 0 . 037 

Sulfur in oxide drippings, per cent 0 . 074 0 . 054 

Sulfur in mushroom, per cent 0 . 075 

Sulfur dioxide in gas over bath, volume per cent 0 . 069 0 . 045 

Sulfur dioxide in exit gas, volume per cent 0 . 027 


^ vol. per cent, sulfur dioxide m gas over bath _ __ ^ 

* per cent, sulfur m oxide dnpptngs 

The concentration of sulfur over the bath in heat 26-P-380 has been taken 
as the concentration foimd during periods in the heat when little or no 
sulfur was being picked up or lost by the slag. This averaged 0.045 
per cent. SOa. The exit gases during melting contained only 0.027 per 
cent. SO 2 , showing that a large amount of sulfur was being lost by the 
gas, corresponding to a rise from 0.037 per cent, to 0.054 per cent, sulfur 
in the scrap. 

It will be noted that the ratio of sulfur in the gas to sulfur in the 
drippings has nearly the same value for both heats. Further the scrap 
mushroom had the same analysis as the drippings in the first heat, indi- 
cating that the reduction of SO 2 to FeS will go to the same extent whether 
the sulfur enters iron oxide or metallic iron. The chemical reaction in 
this case is the reduction of SO 2 by iron, the reaction being reversible: 

SO 2 2Fe = FeS H- FeO 
or 3 SO 2 “h 7Fe = 3FeS + 2 FC 2 O 3 


or both. In either case, the sulfur in the slag is proportional to the 
sulfur in the gas, the iron being saturated with iron oxide during this 
period. The conclusion may be drawn from these results that if a gas 
entirely free from sulfur were used during the melting, any iron in direct 
contact with the gases would be completely, or nearly completely, 
desulfurized before it reached the bath proper. An investigation of this 
phase of the subject is being undertaken to determine at what point in 
the furnace most of the pick-up occurs, i, e., whether the end at which the 
gas enters is most active in 6ulfur absorption or whether the pick-up 
is general all over the bath The speed with which the scrap picks up 
sulfur is also being studied. 

Slags Containing QaO . — ^The following table shows the values of the 
distribution ratios in the gas-fired experimental furnace A, and in the 
open-hearth furnaces C. 

* J. L. Keats: Massachusetts Institute of Technology, Doctor’s Thesis, 1924. 
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Experimental furnace A 

Per Cent. 
Sulfur in 
Slag 

1 

Volume Per 
Cent. Sulfur 
Dioxide in 
Waste Gas 

2 

Distribution 

Ratio 

2 

1 

Run No. 1 

0.037 

0.00926 

0.250 

Run No. 2 

0.016 

0.00403 

0.252 

Run No. 3 

Open-hearth furnaces C 

0.045 

0.0120 

0.267 

Heat 17244 

0.255 

0.0695 

0.272 

Heat 26-P-347 

0.148 

0.0434 

0.293 

Heat 29-P-325 

0.116 

0.0276 

0.238 

Heat 26-P-380 

0.0668 

0.Q170 

0.254 



Fig. 1. — Per cent, sulfur dioxide in gas versus per cent, sulfur in slag. 

These results are shown in Fig. 1, from which per cent, sulfur in slag = 
3.7 X per cent, sulfur dioxide in gas. The analyses of these slags are 
as follows: 

Pbb Cent. Per Cent. Per Cent. Per Cent. Per Cent. Per Cent. 
S SiOi FsO MnO CaO MgO 

Experimental furnace A 


Run No. 1 0,037 19,7 57.2 0.0 19.7 3.4 

Run No. 2 0.016 11.8 74.3 0.0 11.8 2.1 

Run No. 3 0.045 not analysed 

Open-hearth furnaces C 

Heat 17244 0.255 19.46 6.9 16.45 40.50 3.65 

Heat26-P-347 0.148 27.70 38.88 14.80 

Heat29-P-325 0.116 10.02 33.55 5.80 

Heat26-P-3S0 0.0668 24.76 29.55 13.60 


In the experimental furnace A, the sulfur in the slag was present as 
iron, calcium, or magnesium sulfides, the relative amounts of each being 
unknown. All the slags from the open-hearth furnaces C contained 
considerable amounts of manganese oxide and in these cases there could 
be present, in addition to the sulfides mentioned, manganese sulfide. 
However, the distribution ratio between gas and slag is essentially con- 
stant for all the heats, which leads to the conclusion that either all the 
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sulfides have the same distribution ratio with the gas or that one of the 
sulfides, iron, calcium or magnesium, predominates in all the slags. In 
view of the facts that lime is so much stronger as a base than iron oxide 
and that the magnesium oxide is so low in all the slags, it seems that the 
sulfur in the slag must be present almost entirely as calcium sulfide. 

The reaction by which SOj is reduced to CaS in the slag is not known 
but experimental work is being planned to study this phase of the subject. 

The reactions under consideration are: 

SO 2 + 3CO + CaO = CaS + SCOa 
SO 2 + CaO + 3Fe = CaS + 3FeO 

The slag in an open-hearth furnace is saturated with carbon monoxide 
and carbon dioxide and also with iron vapor. Either carbon monoxide 
or iron vapor will reduce sulfur dioxide and, in the presence of lime, the 
reduced sulfur dioxide would form calcium sulfide, the principal sulfide 
in the slag. 

It is evident from these results that the sulfur content of the slag will 
have a value directly proportional to the concentration of sulfur in the 
gas, provided that sufficient time is allowed for the reaction to reach 
equilibrium. In practice, a constant per cent, of sulfur in the slag is 
not always reached because of changes in slag weight, interchange of 
sulfur between metal and slag, and insufficient time for equilibrium to be 
reached. However, until equilibrium is established, the slag is always 
losing or absorbing sulfur to or from the gas, depending on the sulfur 
concentrations in the slag and gas. 

A nm was made in the Booth electric furnace 5, with a charge con- 
sisting of 75 lb. of boiler punchings and a pure calcium silicate slag. 
The concentration of sulfur in the gas was controlled by adding sulfur 
dioxide to a small amount of illuminating gas, using a special burner 
inserted in the tap hole of the furnace. The amount of sulfur in the gas 
was gradually increased throughout the run and the slag and metal 
show^ed the following analyses over a 23 ^^-hr. period: 

Pbk Cbnt. 


Sulfur in slag when melted 0 . 036 

Sulfur in slag at end 0 . 121 

Sulfur in metal when melted 0.052 

Sulfur in metal at end 0.099 


The fiboal concentration of sulfur in the gas was not determined on account 
of loss of the gas sample. This run showed, however, that by increasing 
the sulfur content of the gas, the metal and slag picked up a large amount 
of sulfur. 

Rates of Absorption and Desulfurization 

Let us take a definite concentration of sulfur in the gas, such that the 
per cent, in the slag must be 0.15 so as to satisfy the distribution ratio just 
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given. If this gas is in contact with two slags A and B, A contuning 0.10 
per cent, sulfur and B 0.20 per cent., slag A will pick up sulfur and slag B 
will lose it. The rate of absorption or desulfurization is proportional 
to the distance from equilibrium,^ therefore, slag A (which is 0.05 per cent, 
below equilibrium) will absorb sulfur at the same rate that slag B (which 
is 0.05 per cent, above equilibrium) loses it. The distance from equi- 
librium may be called the “driving force” for the reaction; and for cases 
where the idag is picking up sulfur it may be expressed as (8, — S) where 
8, is the per cent, sulfur in equilibrium with the gas and 8 is the actual 
per cent, of sulfur in the slag. For slag A, the driving force is (0.15 — 
0. 10) =» 0.05 per cent, sulfur. Conversely for slags losing sulfiu* the driving 
force is (S — S,), which for slag B is (0.20 — 0.15) = 0.05 per cent. 

If a liquid is absorbing a gas under given conditions and the area of 
the liquid is suddenly doubled, the rate of absorption will also be doubled 
as twice as much liquid comes into contact with the gas. The rate of 
absorption is, therefore, directly proportional to the driving force and 
to the area that is effective for absorbing. Adopting- the formulation of 
Whitman and Keats,* this may be expressed mathematically as: 


f - 


8)o 


(1) for absorption of sulfur; 

=KAi8- 8.)a,. 

(2) for loss of sulfur or desulfurization. 

dS 

do ~ sulfur absorbed by slag per unit of time 

dS 

— ^ = amoimt of sulfur lost by slag per unit of time. 

A — area of reacting surface; 

Se = sulfur concentration in equilibrium with gas; 

8 = sulfur concentration at any time 0; 

(8, — 8) = driving force for sulfur absorption; 

(8 — Se) = driving force for desulfiurization; 

K = absorption coefficient. 

Equation (1) may be integrated to give: 

^ A» 

(2.3 = conversion from natural to common logarithms.) 


* W. K. Lewis: Principles of Counter-current Extiacticm. Ind. it Eng. Chan. 
(1916) 8!, 827. 

* W. O. Whitman and J. L. Keats: Rates of Absoiption and Heat Transfer between 
Gases and Liquids. Ind. & Eng. Chun. (1922) 14, 186. 
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K will be expressed as per cent, sulfur absorbed per unit of time per 
p^ cent, driving force per square foot of reacting surface, when the sulfur 
concentrations are expressed as per cent. To obtain K as pounds of 
sulfur, it is only necessary to divide the value found by the equation above 
by 100 and mtdtiply by i^e pounds of dag under consideration. 

Pkysicai Concept of Sii^ur Absorption or Loss 

In transferring any material from a gas to a liquid or solid, or vice 
versa, the major resistance to the transfer is found at the boundary 
separating the two.* This resistance is composed of a gas film and a 
liquid film,* in certain cases one of these films being controlling. In the 



Fig. 2. — Siii<rtm absobption. Fig. 3. — DbbxjijFubization. 


absorption of benzol from coke-oven gas by straw oil, the major resistance 
is the viscous surface film on the straw oil through which the benzol must 
pass before entering the main body of the oil. In the open hearth, the 
flow of sulfur from gas to dag, or vice versa, may be conddered in the same 
light; namely, the sulfur must pass from the gas through a slag film before 
entering the main body of the dag. This is represented diagrammatically 
in Fig. 2 for absorption of sulfur and in Fig. 3 for desulfurization. For 
the two conditions given on page 6, Fig. 2 applies to slag A and Fig. 3 
to slag B. The points B and R' represent the sulfur in equilibrium 
with the gas, while S and S' are the concentrations in the slag, 0.10 and 
0.20 per cent, for dags A and B respectively. 
dS 

In the equation ^ = KA{S, — S), K, the absorption coefi^cient, is 
given in terms of amount of sulfur absorbed in 1 min. through 1 sq. ft. of 

* Waltor, Levis and McAdams; "Principles of Chemical EnKineerinx ” Chap. 2. 
McGiaw-mi Book Co., N. Y., 1923. 

’ W. O; WhHanan: Tvo The<w (A Gas Absorption. Chem. & Met. Eng. 
(1923) 89 146. 
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surface area when there is a difference of 1 per cent, between the equi- 
librium and the actual sulfur contents. 

Inasmuch as the slag film controls this rate, conditions affecting its 
characteristics will affect the numerical values of K. These conditions 
are : Fluidity of slag, agitation of bath, gas velocity over bath. 

Fluidity . — ^As the slag becomes more and more viscous, the flow of 
material into it, other things being constant, will necessarily slow up.^ 
Conversely, a fluid slag will allow' material to enter it more rapidly than 
will a viscous slag. As the fluidity increases, the numerical value of 
the absorption coefficient should increase. Temperature affects the 
value of the coefficient inasmuch as increased temperature means 
higher fluidity. 

Agitation . — ^Agitation serves two purposes as regards absorption. 
It increases the effective area for reaction and it may break up the slag 
film and allow the body of the slag to come into contact with the gas.* 
Increased agitation should, therefore, increase the absorption coefficient. 

Gas Velocity . — Gas velocity affects the slag film in the same manner as 
agitation. If the gas velocity is high enough, the slag may be agitated in 
the same manner as a high wind causing surface agitation on a body of 
water. This effect was noticed particularly in one of the experimental 
heats where, with no metal present to give agitation by carbon removal, 
the slag was agitated considerably by .running the gas velocity very high. 
When both films are factors, the influence of gas velocity on the liquid 
film is very slight.^® 


Experimental Results for Rate of Absorption 
The gas-fired furnace was charged with slag containing 0.016 per 
cent, sulfur, and the slag held molten for 35 min. Samples of slag 
taken at intervals of about 10 min. and analyzed for sulfur showed: 


Samplb 

0 

1 

2 

3 


Txmb fbom Stabt, Mikutbb 
0 

11.6 

20.5 

35.0 


Pbb Cbnt. Sulfub 
0.016 
0.036 
0.0412 
0.044 


The area of the slag-metal surface in this furnace was 0.314 sq. ft, and 1 
lb. of slag was charged in the furnace. The equilibrium per cent, sulfur 
was 0.045. 

From these data, the value ot K = 0.00323 lb. of sulfur per min , 
per sq. ft. slag-gas surface per per cent, driving force. 

* R. T. Hadam, R. L. Herahey, and R. H. Kean: The Medianism of Ahsoiption. 
Ind. & Eng. Ckem. (1024), 16. 

' W. G. Whitman and D. & Davis: C!omparative Abso^tion Rates for Various 
Gases, presmted before the IthaOa meeting of the Am. Chem. Soc., Sept., 1824. 

i‘R. Ti Haslam, W. F'. Ryan and H. C. Weber: Some Faetcnto Infinenciiig the 
Design of Absorption AiqtaraCus. Trant, Am. Inst, of Chon. l!ng. -(1023) lA 177. 
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Data obtained on heat 26-P-380, Bethlehem Steel Co., Lackawanna 
plant, give for the last hoar and twenty minutes of working a coefficient 
of 0.0045 lb. of sulfur absoibed per minute per square foot of gas-slag 
surface per per cent, driving force. During this period, the bath was 
working steadily from a hot metal addition. The data collected over 
this period are: 


Tzmb 

Pbb Cbnt. 
8uz.ruBZN 
Mbtal 

Pbb Cbnt. 
SuZiTUBZN 
Slag 

Wbight OB 
Sz«AO, 
Pounds 

Pbb Cbnt. 

SUZBUB 
Dzqxzdb ZN 
Oas 

Pounds 
S uijruB ZN 
Fubnaob 

Inobbasb 

ZN Pounds 
Sultub 

7:46 

0.0250 

0.1212 

30,500 

0.0475 

93.0 


9.*06 

0.0253 

0.1216 

35,500 


102.6 

9.6 

The dag weij^t 

was calculated by 

a manganese balance 

from the 


following data: 


Tun 


WnaHT Mstal. 
POXTNDS 


Pounds 
Manoanbsb 
ZN Fubnacb 


Pbb Cbnt. 
Manoanbsb 
IN Mxtal 


Pbb Cbnt. 
Manoanbsb 
ZN SZ.AO 


7:46 229,000 2145 

9.*06 235,000 2230 


0.183 5.68 

0.174 5.13 


The 6000 lb. of hot metal added at 8 : 09 contained 0.0385 per cent, 
sulfur = 2.3 lb. The total amount of sulfur picked up from the gas 
was 9.6 - 2.3 = 7.3 lb. 

From Fig. 1, a gas containing 0.0475 per cent, sulfur dioxide is in 
equilibrium with a slag containing 0.175 per cent, sulfur. The average 
driving force over this period was therefore 0.175 — the average per cent, 
sulfur in the slag, which was 0.1297 = 0.0453. The total pounds of 
sulfur picked up from the gas was 7.3, the time was 80 min., and the gas- 
slag area of the furnace, 450 sq. ft. 

jr — §. Q 0045 

0XAXiS,-S) 80 X 450 X 0.0453 “ 

When the heat was ored, the heat melted with 0.85 per cent, carbon, 
a very violent reaction took place and the gas was shut off for about 
5 min. During this period, the slag was in contact with a sulfur-free 
atmosphere and lost 11.2 lb. of sulfur in 22 min. The analyses were: 


Tzmb 

Pbb Cbnt. Sultub 
ZN Mbtal 

Pbb Cbnt. Suz«ruB 
ZN Slag 

Slag Wbzght,* 
Pounds 

Pounds of Sultub 
ZN Fubnacb 

6:23 

0.0347 

0.1964 

23,250 

123.7 

6:45 

0.0392 

0.0880 

25,600 

112.5 

* Calculated from manganese balance on slag and metal. 


Twa 

Wbzgbt Mbtal, 
Pounds 

Pounds Mavganbsb 

ZN FUBNACn 

Pbb Cbnt. Manga- 
NBBB ZN Mbtal 

Pbb Cbnt. Manoa- 
NBsaiN Blag 

6:23 

226^000 

2145 

0.459 

4.82 

6:45 

229,000 

2145 

0.181 

6.53 
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The coefficient of desulfurization could not be obtained as the furnace 
was on air only part of this period. The desulfurization was undoubtedly 
due to the sulfur-free atmosphere dtuing a part of the ore boil. 

No data have been found in the literature where the sulfur concentra- 
tion in the gas and slag are given simultaneouriy. However, knowing 
the sulfiur content of the coal used in heating a given furnace and the gas 
analysis of the products of combustion and the ash analyris, the sulfur 
concentration may be calculated. This has been done for the following 
heats, except that of Peterson^^ in which the per cent, of sulfur in the slag 
rose regularly enough to estimate the equilibrium per cent, sulfur. 


SouBOB OF Data Cohbitiobs K 

Keats^* First ore addition, violent boil 0.0039 

Keats Third ore addition, fair boil 0.0045 

Peterson No ore added, per cent, carbon 0.38 down 0.0040 

Kinney & McDermott^* No ore added, per cent, carbon 0.31 down 0.0035 


The analyses of slag and metal for sulfur in these runs is as follows: 


Keats, first ore addition . 
Keats, third ore addition 

Peterson 

Kinney and McDermott . 


Pbb Cbkt. Sttlfub nr Slag Pbb Cbnt. Sulfub in Mbtai. 


Bbginnino 

End 

BBCUNNINa 


0.047 

0.055 

0.0295 

0.0346 

0.063 

0.113 

0.0291 

0.0283 

0.110 

0.316 

0.100 

0.077 

0.14 

0.22 

0.038 

0.038 


The experimental run given above (page 519), with no agitation from 
carbonbutwithvery high gas velocity gave £ = 0.00323. 

The method of calculating K in this experiment is as follows: 

For sample No. 1, d, 11.5 min.; S„ 0.045 per cent, sulfur; S,, 
0.016 per cent, sulfur; S, 0.036 per cent, sulfur; A, 0.314 sq. ft. From 
the integrated equation on sulfur absorption. 


K = 


2.3 log 


(5. - So) 
jSo-S) 


Ae 


2.3 X 0.508 
“ 0.314 X 11.5 


0.323 per cent, sulfur per min. 


per sq. ft. per per cent, driving force. 

To reduce this to pounds of sulfur, we must divide by 100 and multiply 
by the potmds of slag 
0.323 X 1 

K *= — = 0.00323 lb. sulfur per min. per sq. ft. reacting surface 

per per cent, driving force. 


» Rev. MeUd. Mem. (1910) 198. 

‘*Ipoc. eit. 

“ Proc. Am. Iron and Steri Inst. Oot., 1922. 
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Hie equation may also be used in the differential form as follows, 
expressing ^ as pounds of sulfur per unit of time. 

dS = (0.00036 - 0.00016) = 0.000201b. sulfur 

d9 = 11.5 min. 

S, — 0.045 per cent. 

<S» = 0.016 per cent. 

5 = 0.036 per cent. 

A = 0.314 per cent. 

dS „ A 

— ^A ( 5 « S)nt 

(S, - S)i = S. - 5, = 0.029 
(S. -S)i = S,- 8 = 0.009 

Logarithmic average of 0.029 and 0.009 = 0.0171 

_ 0.00020 

K = 11 5 0 314 X 0 0171 “ 0.00323 lb. sulfur per min. per sq. ft. area 

per per cent, driving force. 

BemUt for Rate of Desulfurization 

The two runs for desulfurization in the Booth electric furnace B 
were made by melting down boiler punchings, making a slag with lime 
and silica, and adding enough iron sulfide to give about 0.5 per cent, 
sulfur in both slag and metal. As previously stated, air leakage into the 
furnace supplied an atmosphere initially free from sulfur. The essential 
data collected for these two runs are: 



Run No. 1 

Run No. 2a 

Run No. ;tb 

Per cent, sulfur in slag at start 

0.451 

0.424 

0.181 

Per cent, sulfur in slag at end 

0.160 

0.321 

0.166 

Per cent, sulfur in metal at start 

0.843 

0.372 

0.378 

Per cent sulfur in metal at end 

0.733 

0.335 

0.318 

Vol. per cent, sulfur dioxide in gas 

0.030 

0.050 

0.009 

Equilibrium per cent, sulfur in slag (from Fig. 1) 

0.112 

0.185 

0.033 

Total pounds sulfur removed from slag to gas . . 

0.0261 

0.0230 

0.0240 

Time of run, minutes 

120 

81 

60 

81ag-gas area, square feet 

0.763 

0.763 

0.763 

Qaa velocity 

very low for all three 


0.00193 

0.00194 

0.00372 


The slag analyses for these runs (2a and 2b same heat) are: 

Btnr No. 1 Binrt No. 2a Am 2b 


SiOt 39.06 23.96 

FeO 14.2 28.4 

FeiOi. 2.49 3.62 

CaO 13.5 22,30 

MgO 22.8 13.10 

MnO 1.21 1.66 
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The constants agree with t^iose found for sulfurization inasmuch as 
the percentage of carbon was very low in these heats, never getting above 
0.10 in spite of numerous additions of pig iron. There was, thra^fore, 
practically no agitation except at the time of adding the pi^ iron. The < 
reaction of the pig with the iron oxides in the slag usually lasted from 1 to 
2 min.; and as samples were taken at 15-min. intervals, adding 1 to 2 
lb. of pig after each sample, there was agitation for not more than 10 to 
15 per cent, of the time. The dag, however, was extremely fluid. Com- 
bining these with the results of sulfurization, we have for the absorption 


coefficient K: 

Run No. K [CoNomON FuBnaob 

1 0.0045 Pig addition, good agitation C 

2 0.0045 Ore addition, fair agitation C 

3 0.0040 No ore added, per cent, carbon, 0.38 down C 

4 0.0039 Ore addition, violent agitation C 

5 0.0037 Electric furnace, carbon below 0.10 per cent B 

6 0.0035 No ore added, per cent, carbon, 0.31 down C 

7 0.0032 Slag only, agitation from high gas velocity A 

8 0.0019 Electric furnace, carbon below 0.10 per cent B 

9 0.0019 Electric furnace, carbon below 0.10 per cent B 

C 


The effect of agitation is, therefore, to increase the coefficient somewhat, 
agitation by high gas velocity apparently having an important effect, 
as shown by Run No. 7. The effect of fluidity could not be studied, except 
that it may be here noted that the experimental runs in the Booth furnace, 
B, were at a higher temperature than is usually carried in the open 
hearth. The temperatures in these runs were close to 1660® to 1700® C. 
(3002® to 3092® F.). This would tend to make the slags more fluid than 
normal open-hearth slags and to increase the coefficient. It is highly 
probable that this increased fluidity due to higher temperatures some- 
what balanced the lack of agitation in the electric-furnace runs. 

It has been shown that the rate at which a slag will lose sulfur to a 
low-sulfur gas is the same as the rate at which a slag will pick up sulfur 
from a high-sulfur gas, under comparable conditions, the equations for 
these rates being given in the discussion of the theory of absorption and 
desulfurization. The results just given show that for normal open-hearth 
practice the rate of sulfiur absorption is about 0.004 lb. of sulfur per min- 
ute, per square foot of slag-gas surface, per per cent, driving force or 
distance from equilibrium. The same coefficient will hold when desul- 
furization of the slag is occurring. A lower rate of desulfurization is to be 
expected in the electric furnace if the carbon is very low. 

Apfucations 

In considering the application of the experimental results to practical 
operation it is necess^ to consider two points: (1) how much sulfur may 
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be removed from the bath in the usual time of working a heat by a 
fuel gas free from sulfur; (2) will the savings obtained by desulfurising the 
bath with a clean gas be offset by the cost of cleaning the gas and by 
any other disadvantages incurred. 

The first question to be considered is obviously how much sulfur can 
be removed with a gas free from sulfur. The following conditions 
will be specified for the purpose of calculating the amount of sulfur 
removed: 

1. — Gas almost completely cleaned of sulfur 

2. — 4).020 per cent, sulfur in finished steel 

3. — 0.10 per cent, sulfur in slag at end 

4. — 100 ton stationary furnace 

5. -220,000 lb. steel 

6. -28,000 lb. slag 

7. — ^Time of heat 8 hr., end of charging scrap to tap. 

8. — ^The gas will be desulfurizing the slag at all times. 

9. — Consider, therefore, that the slag averages 0.10 per cent, sulfur 
throughout. 

Total sulfur at end is 220,000 X 0.00020 «= 44 lb. 

28,000 X 0.00100 = 28 lb. 


The equation for desulfurization is 


721b. 


Founds of solfar ramoved KA$ (S — &) 

S-S,= 

A = 

K = 

0 = 

Sulfur removed by the gas is 0.10 X 450 X 0.004 X 
480 = 


0.10 per cent. 
450 sq. ft. 
0.004 

8 X 60 = 480 


86.31b. 


Let the charge consist of 50 per cent, scrap and 50 per cent, hot metal 
with the scrap averaging 0.040 per cent, sulfur and a total charge of 230,000 
lb. 

Total sulfur in charge » pounds sulfur at end -t* 
pounds sulfur removed » 72 + 86.3 >> . 158.3 lb. 

Scrap contains 115,000 X 0.0004 » 46.0 lb. 

Hot metal can contain 112.3 lb. = 0.097 per cent, sulfur 

Let chaige consist of 25 per cent, scrap and 75 per cent, hot metal: 

Total sulfur in charge -158.8 lb. 

Scrap 57,000 X 0.004 -23.01b. 

^pt mptal ^ contain 135.3 lb. - 9.078 per cent, sqlfqr 
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We may then eay tiiat any charge containing 75 per cent, hot metal or 
under can be made with hot metal containing from 0.08 percent, sulfurup, 
depending on the percentage of hot metal in the charge. 

Data on heats 17244^* and 26-P-380 show that the rate at which 
sulfur may be removed from the metal by the slag under favorable dag 
conditions, i. e., fairly low sulfur (0.08 to 0.16 per cent.), with 35 to 45 per 
cent. CaO, and with good action on the bath, is at a rate of from 12 to 
33 lb. per hr. 


Heat number 

Time 

Per cent, sulfur in metal 

Drop in per cent, sulfur 

Time, in hours 

Drop in per cent, sulfur per hour 
Sulfur removed per hour, pounds 


17244 

5 : 34 - 7:52 

0 . 0342 - 0.0228 

0.0114 

2.3 

0.0050 

12.0 


26-?.^ 

6 : 45 - 8:00 

0 . 0302 - 0.0220 

0.0172 

1.25 

0.0138 

33.0 


The rate at which sulfur must be removed from the metal to satisfy 
the conditions set up in the calculation is 168.3 — 44 = 114.3 lb. in 8 hr., 
an average of 14.2 lb. per hr. This falls just within the range just given, 
and with low-sulfur slags this should insure desulfurization of the metal to 
the specified content in the time allotted. 

The second question involves a consideration of the advantages and 
disadvantages resulting from the use of clean gas. Listing the advantages 
of the clean gas process we would have — 

Avoidance of high-sulfur heats encoimtered in present practice with 
gases such as producer gas of medium-sulfur content and with uncleaned 
coke-oven gas of high-sulfur content. 

Use of high-sulfur metal from the blast furnace with the saving at the 
blast furnace from: (a) increased capacity, (6) lower coke consumption, 
(c) lower limestone consumption. 

Lower limestone consumption in the open hearth from lower silicon 
pig iron resulting from its high-sulfur content. 

Cleaner regenerators in the open hearth from tar and soot free 
producer gas. 

Steam in producer gas removed by scrubbing; drop from about 10 to 
about 3.2 per cent. H*0 (saturation at 25® C. on dry gas basis). 

Against these advantages must be placed the following : 

The cost of cleaning the gas. 

Loss of sensible heat in producer gas. 

Loss of tar in produce gas. 

The net saving by using clean gas may be calculated by itemizing the 
sayings and losses on the foregoing items. In calculating this, a c<Hnpari- 
son must be made between current practice and that whi^ could be 


fjoc, ci^ 
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used with dean gas. For this purpose the following conditions are set 
for current practice. 

Blast>fumace hot metal: per cent, sulfur, 0.030 average; per cent, 
dlicon, 1.25 average. 

100-ton open-hearth charging 50 per cent, hot metal and 50 per 
cent, scrap. 

As shown, completdy deaned gas will allow at least 0.080 per cent, 
sulfur, if not higher, in a charge of 50 per cent, hot metal and 50 per cent, 
scrap. With these specifications in mind the savings on the items listed 
under advantages are : 

Saving on Time for Heate Held in Furnace on Account of High Sulfur . — 
The cost of producing steel in the open hearth has been taken at $7 per 
ton. The time lost against the savings effected in eliminating this time 
is given below. 


Tim Lost, Houbb pbb Savikgs. Dollabs pxb Savikgb, Dollabb pbb 

Mobth pbb Fubnacb Ton Month pbb Fttbnacb 

0 0.000 0 

1 0.010 60 

2 0.020 120 

5 0.049 294 

10 0.098 588 

16 0.146 876 

20 0.195 1180 

Savings at Blast Furnace . — 

Increase in furnace capacity $0 . 040 

Decrease in coke consumption 0 . 137 

Decrease in limestone consumption 0 .008 

Total *0.185 per ton of steel 


Saving in Limestone in Open Hearth . — The decreased silicon in high- 
sulfur pig iron has been estimated in terms of limestone saved at the 
open hearth at 10.038 per ton of steel. 

Cleaner Regenerators. — Indeterminate. 

Saving in Reducing Water Content of Producer Gas from 10 Per Cent, to 
3.2 Per Cent. [Saturation at 25® C.). — ^This has been estimated at fO.022 
per ton of sted. 

Cost of Cleaning the Gas.— A very economical method of removing 
hydrogen sulfide from gas is scrubbing with a dilute solution of soda ash, 
tte spent liquor from the absorption being revivified by aeration. This 
system** is in use in thirty gas plants and in one steel plant. At the steel 
{fimtt, the HiS in coke-oven gas is lowered from about 500 gr. per 100 cu. 
ft. to about 100 gr. per 100 cu. ft., a removal of about 80 per cent. This 

W: 8pm, Jr.: The Absorption of Hydrogen Sulfide. Presented at Ithaca 
meetup ot Am. Chem. Soc., Sq>t., 1024. 
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concentration is too high to remove a large amount of sulfur in the open 
hearth but is low enough to insure littie or no trouble through high-sulfur 
heats, and gives a waste gas lower in sulfur than producer gas from coal 
containing 1.0 per cent, sulfur. The writer understands that the cost of 
reducing the sulfur from 500 to 50 gr. per 100 cu. ft. by this process, 
including fixed chaises, is about 0.50 cents per 1000 cu. ft. of gas. Com- 
plete purification costs about twice as much. Producer gas from 1.0 to 
1.2 per cent, sulfur coal contains approximately 100 gr. of sulfur per 100 
cu. ft. To reduce this to 10 gr. would cost 0.40 cents per 1000 cu. ft. 
and to cool the gas before scrubbing would cost another 0.40 cents, a 
total cost of purifying producer gas of 0.80 cents per 1000 cu. ft. On 
the basis of one ton of steel the cost would be: 


Coke-oven gas $0.13 

Producer gas 0.32 


Sensible Heed Loss in Producer Gas . — The total sensible heat lost can- 
not be charged against the first five items, for when heating cold gas much 
greater differences in temperature between gas and checker hold than 
when gas |at 1100° F. is preheated to 2200° F. Further the gas regenera- 
tors will be cleaner, thus increasing the heat transfer. The net loss of 
sensible heat has been estimated at $0,036 per ton of steel. 

Loss of Tar from Producer Gas . — The loss of tar would remove a small 
amount of latent heat from the gas, but this is considered balanced by 
the greater cleanliness of the regenerators and by the fact that all the 
tar may be recovered in scrubbing. 

The items which may be placed against each other to determine the 
practicabUity of completely removing the sulfur from coke oven or 
producer gas are: 

Sayings, Dollabs psb Ton Cost, Dollabs pbb Ton ov 
OF Stbbi, Stbbl 

CoxB-OTBN Pbodocxb Coxb-oybn Pboducbb 
Itbm Gas Gas Gas Gas 

Time lost at present due to high- 

sulfur heats Same for both, varies 

with time lost 

Use of O.OS per cent, sulfur in hot 
metal instead of 0.03 per cent. 


sulfur 

Lower limestone consumption in 

0.185 

0.185 



open hearth 

0.038 

0.038 


c 

Clean regenerators 

None 

Indeter- 

minate 



Removal of steam from gas 

Cost of cleaning gas 

None 

0.022 

0.13 

0.320 

Loss of sensible heat in fuel gas 



None 

0.036 

Loss of tar in scrubbing 



None 

Indeter- 

minate 
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The saviBg in cleaning each gas, omitting at this point the saving of 
time lost through high-sulfur heats and the cost of cleaning the gas, will 
be: Coke-oven gas, $0,223 per ton of steel; producer gas, $0,209 per ton 
of steel. 

The net saving in dollars per ton of steel will be : 

For coke-oven elimination of time lost through high-sulfur heats, 
-1-0.223 - 0.130. 

For producer gas, elimination of time lost through high-sulfur heats, 
-1-0.209 - 0.320. 

The net saving for each gas is as follows: 


Tims Lost, Houbb pbs 
Month phb Fubmaoh 

Nbt Sating, DoiiLABS pbb Ton 

CloKiKHriiN Qab FBobucbb Gab 

0 

+0.093 

-0.111 

1 

+0.103 

-0.101 

2 

+0.112 

-0.092 

5 

+0.142 

-0.062 

10 

+0.191 

-0.013 

15 

+0.239 

+0.035 

20 

+0.288 

+0.084 

The net saving per 

furnace per month for the conditions shown 

above are: 



Tncx IiOST, Hottbb fbb 
Fubnacb pbb Month 

Nbt Sattno, DoiiLabb pbb Fubnacb pbb Month 
C oxB-OTBN Gab Fboducbb Gas 

0 

560 

-670 

1 

620 

-610 

2 

670 

-550 

5 

850 

-370 

10 

1150 

- 80 

15 

1430 

210 

20 

1730 

500 


Completely removing the sulfur from coke-oven gas, and using this 
{done as a fuel, would be profitable even if no time were lost due to sulfur 
under present operating conditions. The use of clean producer gas would 
be unprofitable, unless an excessive amount of time is at present lost from 
charges high in sulfur or from the use of a high-sulfur coal. 

Two other methods of operation must be considered at tiiis point: 
(1) The use of coke-oven gas and tar; (2) the use of partly cleaned coke- 
oven gas, ipsuring no time lost on account of high-sulfur heats but at 
the same time necessitating the use of a low-sulfur pig iron in the charge. 

Use of Coke-oven Gas and Tar 

The relative amounts of these two fuels, when used together, vary 
eohffidoably. Any combination of the two giving not more than 0.035 
per emit, sulfur (hoxide in the products of combustion will prevent the 
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slag and metal from picking up sulfur from the gas when charges of hot 
metal and scrap averaging 0.030 to 0.045 per cent, sulfur are used. Tar 
of the composition 93.5 per cent, carbon, 6.0 per cent, hydrogen, and 
0.5 per cent, sulfur, when burned with theoretical air, gives 1720 cu. ft. 
of waste gas (at 32® F. and 760 mm.) per gallon. C5oke-oven gas of 540 
B. t. u. per cu. ft. when bmmed under the same conditions gives 5.6 cu. ft. 
of waste gas per cubic foot. To obtain a waste gas containing 0.035 
per cent, sulfur dioxide, it is necessary to take into accoimt only the 
sulfur content of the fuels and the changes in volume on combustion. 
Tar containing 0.5 per cent, sulfur gives a waste gas containing 0.0326 
per cent, sulfur dioxide, and coke-oven gas containing 500 gr. of sulfur 
per 100 cu. ft. gives 0.134 per cent, sulfur dioxide in the waste gas. The 
amount of sulfur dioxide in waste gas from any amount of sulfur in the 
coke-oven gas will be in the same ratio as the values given above; i. e., 
to obtain the sulfur dioxide in the waste gas, the grains ol sulfiu* per 
100 cu. ft. of coke-oven gas are multiplied by 0.000268. 

Using 7,000,000 B. t. u. as the heat required to produce 1 ton of steel, 
and 0.035 per cent sulfur dioxide as the safe limit for sulfur in the waste 
gas, the following table has been derived. The relative amoimts of 
coke-oven gas and tar required to melt 1 ton of steel are listed with 
changing amounts of sulfur in the coke-oven gas. If coke-oven gas is 
purified to 131 gr. of sulfur per 100 cu. ft., the waste gas will contain 
0.035 per cent, sulfur dioxide, and under these conditions any ratio of 


gas and tar may be used. 

Gbaiks of Sulfur 

Combination to Give 0.035 Pbb Cunt. Sulfur 
Diozidb in Wastb Gas 

IN 100 Cu. Ft. of 

Gallons 

Cubic Fbbt of Coxb> 

CoKS-ovBN Gas 

OF Tab 

OYBN Gas 

500 

42.7 

335 

400 

42.4 

410 

300 

41.6 

670 

200 

38.9 

1,500 

150 

29.6 

4,300 

145 

27.6 

5,270 

140 

21.5 

6,830 

135 

12.8 

9,600 


Any amount of tar over that here given for a given sulfur concentra- 
tion in the coke-oven gas will give a waste gas lower than 0.035 per cent, 
sulfur dioxide, as will an excess of air for combustion. At 135 gr. per 
100 cu. ft., the gas and tar are being burned very nearly in the proportion 
in which they are produced. With gas cleaned below 130 gr., tar may be 
saved by burning a combination higher in gas. 

The use of completely purified coke-oven gas in combination with tar 
fdll always give a waste gas below 0.0326 per cent, sulfur dioxide. With 
unpurified gas, the waste gas will always be above this figure. The 
following table shows the concentrations of sulfur dioxide in the waste 

VOI*. LXXL — 34 
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gases, using different proportions of tar and purified and unpurified coke- 
oven g^. 

Pbb Cbnt. of Sulfob Dxoxidb 


COKB-OFBN 

Tab, 

IN Wastb Gas 

CoKB-oTBN Gas CoBB<<mBN Gas 

Gas, Cu. Ft. 

Gallons 

PUBIFIBD 

Unpubifxbo 

13,000 

0 

0.00 

0.134 

11,500 

5 

0.0038 

0.123 

10,000 

10 

0.0077 

0.111 

8,500 

15 

0.0114 

0.100 

7,000 

20 

0.0154 

0.088 

5,500 

25 

0.0191 

0.077 

4,100 

30 

0.0225 

0.065 

2,600 

35 

0.0264 

0.054 

1,100 

40 

0.0300 

0.043 

0 

44 

0.0326 

0.0326 


From this table, the extent of desulfurization and resulfurization may 
be calculated by the same method used previously. Take, for example, 
a combination of 7000 cu. ft. of completely purified coke-oven gas and 20 
gal. of tar. The sulfur in the slag in equilibrium with the waste gas from 
this combination is, from Fig. 1, 0.055 per cent, sulfur. The average 
driving force for the expulsion of sulfur from the slag will be 0.100 — 
0.055 = 0.045 per cent, sulfur. The total amount removed will be, from 
the equation S — K X A X {S — St) X 9, 

0.0040 X 450 X 0.045 X 480 = 39 lb. sulfur. 

The total amount of sulfur allowable in the charge will be, as before, 
sulfur at end -|- sulfur removed, 72 + 39 = 111.0 lb. The scrap contains 
46 lb., therefore, the hot metal can contain 65 lb., which gives a hot 
metal with 0.056 per cent, sulfur. 

In this system of clean coke-oven gas and tar, the net saving for any 
combination may be calculated by the method used on coke-oven gas 
alone. In using unpurified coke-oven gas and tar, the amount of sulfur 
picked up by the slag can be calculated in a similar manner, except that in 
this case the sulfur concentration will be constantly building up in the 
slag instead of being kept low. It may be noted here that a combination 
of 25 gal. of tar and 5500 cu. ft. of unpurified coke-oven gas correspond, 
with respect to sulfur in the waste gas, to producer gas from a coal con- 
taining about 1.2 per cent sulfur. 

Use of Partly Cleaned Coke-oven Gas Alone 

If it were dedred to eliminate only time lost through high-sulfur 
heats, the gas need not be purified to more than 125 to 135 gf. per 100 
cu. ft. Hus would cost slightly under 0.50 cents per 1000 cu. ft., but 
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for the purpose of illustrating the saving in this case the cost will be taken 
at that figure. 


Tma Lost pbs Dollasb pbb Tok 

FumKAoa pu Satbo SuuDrAiiNa 

Month, Houbs Lost Timh 

0 0.000 

1 0.010 

2 0.019 

5 0.049 

10 0.098 

15 0.146 

20 0.195 


Cost op Cubanino, 

Nbt Savxno, D( 

Dollabs pbb Ton 

PBB Ton 

0.065 

- 0.065 

0.065 

- 0.055 

0.065 

- 0.046 

0.065 

- 0.016 

0.065 

+ 0.033 

0.065 

+ 0.081 

* 0.065 

+ 0.130 


If unpurified coke-oven gas with 500 gr. of sulfur is used^ the time 
lost through high-sulfur heats will be very large, the total time being a 
function of the sulfur in the charge. 


Conclusions 


1. A direct ratio exists between the concentration of sulfur dioxide over 
the bath and the amount of sulfur picked up by the scrap during melting. 

2. A direct ratio also exists between the concentration of sulfur dioxide 
over the bath and the concentration of sulfur in a slag containing lime, 
when sufficient time has been allowed for equilibrium to be established. 

3. The ratio between the gas and the oxide formed on melting is 

vol. per cent. SO 2 in gas 


per cent. S in oxide 


= about 0.90 


The ratio between the gas and slags containing lime is 
vol. per cent. SO 2 in gas _ ^ ^ 
per cent. S in slag ~ ’ 

4. The rates of sulfur absorption and of desulfurization are equal and 
have a numerical value of about 0.004 lb. of sulfur absorbed or lost per 
minute per square foot of slag-gas surface per unit of concentration 
difference (per cent.) between the sulfur in the slag and the sulfur that 
would be in equilibrium with the gas over the slag. 

5. The use of a gas free from sulfur will allow a much higher per- 
centage of sulfur in the charge of an open-hearth furnace. 

6. The use of a gas free from sulfur will prevent the loss of time due to 
high-sulfur heats encountered in present operation. 

7. Sulfur-free gas will be economical under certain conditions as it 
will allow a higher sulfur and, therefore, cheaper pig iron to be used and as 
there will be no time lost on high-sulfur heats. 

8. The economy in using sulfur-free coke-oven gas is much greater 
than in using sulfur-free producer gas, on account of the larger volumes 
of producer gas which must be purified. 

9. There is a direct loss in using sulfur-free producer gas unless the 
time lost on high-sulfur heats is above 1.5 per cent, of the total working 
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tame, deaa ool»^nrea gM is eooii<»nical under almost all eonditicms. 
The exo^tions are when low-sulfur charges are in use and whoi the time 
lost on hi^-salfur heats is very small, uang these low-sulfur charges. 

10. When burning any fuel in the open hearth, the waste gam ediould 
not exceed 0.035 per cent, sulfur dioxide if suhur absorption is to be 
avoided. When coke-oven gas and tar are burned together, the coke- 
oven gas should be cleaned to 125 to 135 gr. of sulfur per 100 cu. ft. of 
gas if hi^-sulfur heats are to be avoided. If very large amounts of tar 
are used, 30 gal. per ton of steel, with the coke-oven gas, the sulfur con- 
tent of the latter may be raised to approximately 150 grtdns. 
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DISCUSSION 

Henbt D. Hibbabd,* Plainfield, N. J. — Did not most of the sulfur in 
the gas get in from sulfur that is in the form of H 2 S? 

C. H. Hbbtt, Jb. — T he sulfur in the fuel gas is H*S, but HjS, 
like CO or hydrogen, is oxidized in the furnace. In lime solutions, for 
instance, SO 2 is picked up just as readily as H 2 S forming calcium sulfite. 
Ib this case we probably form calcium sulfide. 

L. F. REiNABTZ,t Middletown, Ohio. — =What relationship was found 
to exist between the iron oxide content of the slags and their power to 
absorb sulfur? I have found that the higher the iron oxide concentration 
in the slag the lower is its power to absorb sulfur. In fact, in concentra- 
tion of about 40 per cent, iron oxide and extremely low-carbon material, 
it is dijficult to cause any more sulfur to go in the slag despite the fact 
that you have sulfur-free gas, for instance natural gas. A point is reached 
where, uhless you are able to increase the lime content of that bath, the 
sulfur concentration of the riag cannot be decreased. 

It has been said that the gas checkers would be considerably less 
dogg^ if we had clean gas. I cannot check that up with our experience 
because we have many times analyzed deposits ih gas checkers but at no 
time have we found any carbon deposit; it is always a red oxide of iron. 

* Consulting Engineer. 

t A asist an t Crenend Superintendent, American Rolling Mill Co. 
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In the case of producer gas, this iron oxide, especially in the gas checkers, 
runs extremely high in sulfur, showing that the sulfur has been absorbed. 

C. H. Herty, Jr. — The FeO in the slag prevents the absorption of 
sulfur from the metal. If there is any equilibrium or ratio between the 
slag and the metal, the higher you make either of these iron oxides the 
more you drive back the reaction. When you get to 40 or 45 per cent. 
FeO, you are tending to drive the reaction back that way. We found 
that very thing where we had a slag that ran about 30 or 40 per cent. 
The analysis given is on the electric furnace run, 28 per cent. FeO and 
4 per cent. Fe208 at the same time. With high FeO in the slag, 
you cannot desulfurize the metal, because you tend to reverse your 
desulfurization reaction. We have investigated the gas checker and 
found that the bricks in the gas checker are always coated with a thick 
film of solid, apparently solid, carbon embedded in the brick. 

L. F. Reinartz. — We have a deposit of black iron oxide and have 
never found more than 0.2 per cent, carbon in this deposit. 

C. H. Herty, Jr. — Do you not find a sort of glassy covering? 

L. F. Reinartz. — There is a covering of iron oxide on the outside about 

or ^ in. thick. I have never been able to find the slightest particle 
of carbon, 

C. H, Herty, Jr. — That is remarkable, because in our air checkers 
we find this glassy covering which is absolutely the same color as the brick; 
it may be a little darker. In the gas checkers, the same glassy covering, 
which is a little thicker, is pitch black and very resistant to heat. From 
a qualitative study of furnace performance the black deposits seem to 
have a wonderful power for resisting heat flow. 

Ancel St. John,* New York, N. Y. — If that material on the surface 
of the brick is a pitch or carbon material, by putting it through an 
experimental process similar to that used in the manufacture of arti- 
ficial graphite it should be possible to develop a graphitic structure 
that can be identified very readily by various methods; probably the 
simplest is by x-my analysis. To determine facts about the nature of 
materials, etc. in brick or elsewhere without destroying or affecting the 
material in any way, x-ray analysis is rather valuable. The sample 
is put into the crystallometer and subsequently is taken out; if the chem- 
ical analysis of that particular piece is desired it can be obtained. I have 
repeated examinations on samples at intervals over a period of months 
or even years and have followed spontaneous changes that are taking 
place in the exact piece that I had examined previously. 


CJonsulting Physicist. 
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A. L. Feild,* New York, N, Y. — The authors have brought to bear 
on this subject of sulfur elimination and absorption an entirely new view- 
point and have conclusively shown that the two pheiioinona are mani- 
festations of the same physico-chemical equilibrium. Open-hearth 
men have realized for years that they could eliminate sulfur in the 
basic furnace, but textbooks do not indicate how this elimination proceeds 
except for the customary statement that lime combines with sulfur to form 
calcium sulfide. There is no statement explaining why, under certain 
conditions, sulfur elimination does not occur. 

It has also been known that sulfur is picked up from the furnace 
gases, but open-hearth men in attempting to eliminate sulfur have 
followed cut-and-try methods. They have held their heat and they have 
run with a high-lime slag without paying very much attention to the 
composition of the furnace gas. Undoubtedly in many cases heats have 
been prolonged under conditions where the composition of the gas pre- 
cluded any appreciable sulfur elimination. By means of the curve 
contained in this paper, it is possible for an operator to determine at once 
whether he will be able to eliminate appreciable sulfur and just how much 
elimination can be realized in the end. I know of no open-hearth 
reaction that has been studied with the care and success that character- 
izes the present investigation. 

C. R. HAYWARD,t Cambridge, Mass. — Does it take very much time 
to obtain this equilibrium? 

C. H. Herty, Jr. That depends entirely on the rate, but you can 
calculate the time from the absorption coefficient. It depends on the 
distance from equilibrium, agitation, physical conditions, and amount 
of slag present. 

Ralph H. Sweetser,{ Columbus, Ohio. — If it is apparently so easy 
to take sulfur out of the open-hearth furnace, why can we not take the 
sulfur out in the blast furnace? 

L. F. Reinartz.— One speaker has said that it is difficult to get low 
sulfur in producer gas because low-sulfur coal is not as common as we 
would like to have it; therefore by trying to take sulfur out of the metal 
and putting it in the slag, we are opposing the reaction by which the 
sulfur from the gas is going into the slag. When we try to eliminate 
sulfur, the composition of the slag has a great bearing on this reaction. 
The analysis must be such that it will hold whatever sulfur we take out 
of the metal. The time taken to eliminate sulfur depends, to a great 
extent, on the quality of the slag we have. Slag that is high in lime, low 

♦ Research Metallurgist, Union Carbide & Carbon Research Laboratories, Inc. 
t Associate Professor, Massachusetts Institute of Techn ology. 
t Assistant to Vice-president, American Rolling Mill Co.’ 
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in iron oxide, and fluid will take out the sulfur much more rapidly than a 
slag higher in iron oxide and lower in lime. 

C. D. King, New York, N. Y. — ^About 8 years ago, in the Pittsburgh 
district, some 66-ton natural-gas furnaces were operated, using approxi- 
mately a charge of 6 per cent, limestone, 60 per cent, basic hot metal, and 
40 per cent, scrap, with sufficient ore to suit. The iron ran approximately 
1 per cent, manganese, 1.25 per cent, silicon, and 0.035 per cent, sulfur, 
and the steel as a rule finished around 0.035 per cent, sulfur. A few 
years later, because of the shortage of natural gas in that district, half 
of the shop was put on pulverized coal. The limestone charge was 
raised to approximately 10 to 12 per cent., the coal used being 600 to 700 
lb. per ton of steel and analyzed close to 1 per cent, sulfur. With prac- 
tically the same charge as the natural-gas furnaces, limestone excepted, 
the heats made on pulverized coal averaged about 13 points sulfur higher 
than the natural-gas furnaces. 

Shortly afterwards, the pulverized coal was replaced by coke-oven gas, 
and natural gas also was replaced by the same fuel some time later. 
Using approximately the same charge of pig iron and scrap, but increasing 
the limestone charge to 8 or 9 per cent., as against the 6 per cent, on 
natural gas, coke-oven gas and tar furnaces finished as a rule 7 points 
sulfur higher than natural gas. The results obtained at this particular 
plant were verified by independent investigation at other plants using 
the same fuel. The tar analyzed about 0.50 per cent, sulfur per gallon 
and the gas about 0.75 lb. H 2 S per 1000 cu. ft. The fuel ran approxi- 
mately 6,500,000 B.t.u.^s per ton of steel, the gas being calculated on a 500 
B.t.u. per cu. ft. basis and the tar 160,000 B.t.u. per gal. Although 
the practice was to use tar in melting down in times of stress, when the 
sulfur in the pig iron necessitated the most careful methods, and finishing 
up with coke-oven gas and tar, one furnace operated on coke-oven gas 
alone and showed remarkable finishes in sulfur in steel, as compared to the 
rest of the plant, which was operating on tar and gas. Although using 
somewhat less limestone and a slight decrease in the amount of pig iron 
charged, overlong periods of time this furnace finished with as low or lower 
sulfur in steel as the combination coke-oven gas and tar furnaces, in 
spite of the fact that the influence of the sulfur in coke-oven gas is con- 
sidered greater than that of tar for the same British thermal units. 

On page 530, where a sulfur balance is worked out, it states that hot 
metal can contain 65 lb. of sulfur which, therefore, will permit the use of 
0.056 per cent, sulfur in pig iron. Other instances are given where even 
higher sulfur in the pig iron is permissible. Although it is quite possible, 
from an experimental standpoint, to use such high sulfur in pig iron with 
relatively high pig iron charges, the added expense and extraordinary 
measures taken to prevent high-sulfur finishes in steel so far in basic 
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open-hearth operation have not proved fruitful and economical in actual 
practice. Even with the use of a fuel like natural gas, containing ,no 
sulfur, any excessive sulfur in the pig iron will be reflected in the finished 
steel, as the basic open-hearth furnace has not yet proved to be more 
than a very uncertain factor in desulfurization. 

C. H. Herty, Jr. — Our experience along the lines mentioned by Mr. 
King, as far as gas is concerned, has given somewhat different results. 
When 10,000 cu. ft. of uncleaned coke-oven gas has been used per ton 
of steel, it has been found impossible to make steel to meet specifications; 
but as soon as that gas is cleaned down to 100 or 125 gr. sulfur is easily 
eliminated. It looks as though there are two cases where the facts are 
the same, but the results are different. 

C. D. King. — That is, you are willing to spend some money in 
desulfurizing high-sulfur coke-oven gas so that you can manufacture a 
steel that the customer will accept. That may be a good prospect 
where it is not possible to secure anything other than high-sulfur pig iron, 
but it appears much more advisable to do desulfurization where reducing 
conditions exist, as in the blast furnace, rather than in the oxidizing 
condition of the open-hearth furnace. 

Pig iron should take first place in its relative importance as regards 
sulfur in the finished steel, and any reduction in sulfur that can be effected 
in the blast furnace is most certainly advisable for good, normal open- 
hearth operation. This has proved true in natural-gas furnace practice, 
and even were the coke-oven gas reduced to nil in sulfur this would still 
hold true. Certainly its importance cannot be overlooked when the 
coke-oven gas contains some sulfur. However, even with natural gas 
containing no sulfur, experience shows that it is practically impossible 
to finish a 0.056 per cent, pig iron using 60 per cent, or more, pig iron 
under 0.40 per cent, sulfur, without resorting to exorbitant and expensive 
measures, which preclude their use for other than experimental purposes. 
When all has been said and done, it may be possible by the use of much 
labor, time, and money to produce a steel with sulfur acceptable to the 
customer, using high-sulfur pig iron, but such added expense might prove 
ruinous from a standpoint of plant operation. In other words, the 
expenditure of a little money at the blast furnace can affect a pig iron 
allowing a low-sulfur finish in steel, whereas much more would be spent at 
the open hearth to transform a high-sulfur pig iron into an acceptable 
low-sulfur steel. 

C. H. Herty, Jr. — The only answer I have is that when this coke- 
oven gas was cleaned down to 50 gr. of sulfur, which is very low, they had 
no trouble in getting down to 12 points sulfur in their steel; the materials 
in the charge contained about 40 to 45 points sulfur. 



DISCUSSION 


637 


C. D. King. — That was with a basic open-hearth furnace? 

C. H. Herty, Jr. — Yes; with about 10 per cent, limestone. The 
total time for refining was 11 hr. I cannot understand how the two 
things can be comparable. 

C. D. King. — Finishing 0.012 per cent, sulfur in a basic open-hearth 
furnace is well worth while talking about. Even with the ideal reducing 
conditions of an electric furnace this is considered very fine practice. 

C. H. Herty, Jr.; — We ran a test last fall on a sulfur balance through-* 
out a heat; it melted about 85 points carbon and was pretty hot; we used 
two boxes of ore and got a very violent reaction. It looked like a spray 
chamber. We cut the gas off for 6 min. but let the air flow right through 
the furnace; during that time the furnace lost 11 lb. of sulfur to the air 
over the bath. We eliminated from 39 points down to 22 points, of sulfur 
in 13 ^ hr. immediately following that period, the total sulfur in the 
furnace being constantly lowered in that time. 

L. F. Reinartz, Middletown, Ohio. — We have had many years^ 
experience with fuel oil, natural gas, and producer gas. Natural-gas heats 
will finish anywhere from 0.005 to 0.007 per cent, lower in sulfur than the 
producer-gas heats, when there is about 0.70 to 0.90 per cent, sulfur in 
the coal. When the coal runs up to 1.25 per cent, sulfur, the variation 
will be about 0.009 to 0.010 per cent. In the case of fuel oil, which con- 
tained about 0.15 per cent, sulfur, we had about 0.004 to 0.006 per cent, 
more sulfur in the steel than with the natural-gas heats. For many 
years, our practice has been to use about 10 per cent, limestone charge. 
When using natural gas, it was possible to get down to 0.023 to 0.024 
per cent, sulfur on a charge containing not quite as much pig iron as the 
previous speaker used, I would say about 50 per cent, pig iron and 50 
per cent, scrap. The sulfur in the pig iron probably ran about 0^035 
per cent.; and in the scrap about 0.03 per cent. When using producer 
gas, the sulfur was about 0.007 per cent, higher in the finished product. 

It is a rather remarkable statement to say that in an open-hearth 
furnace with the charge given by the author it is possible to get down to 
0.012 per cent, sulfur. I have seen many analyses from many steel plants, 
but nothing that would approach such results. It is possible with natural 
gas to get down to 0.20 per cent, sulfur quite easily. It costs from $60 
to $70 an hour to run an open-hearth furnace. If you add 3 or 4 per cent, 
limestone to the charge, it is apt to increase the time of the heat about 2 
hr. For that reason, it is cheaper to take out the sulfur in the pig iron. 
Where it costs several dollars to remove sulfur in the open-hearth furnace, 
especially if you have an uncertain fuel, the blast furnace can do it for 
50 cents to $1. All you must do in that case is to spend a little more 
money on coke and use a little bit more limestone. When that is 
interpreted back into steel, it amounts to about 26 cents per ton of steel. 
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Haakon Styri,* Philadelphia, Pa. — When two men state that the 
melting conditions are exactly alike, but the results are entirely different, 
I would say that the melting conditions are not alike. It would be advis- 
able, if it were possible, to obtain records of the temperature in the fur- 
naces, the composition of the slag and the steel, and the time for refining 
at the particular temperatures before the steel is finished. I am sure from 
other experimental data that one plant was worked at a higher temper- 
ature than the other, and it is well known that all reactions go much more 
quickly when the temperature is higher. 

C. D. King. — When coke-oven gas and tar were first used at 
this plant, it appeared that the additional sulfur in the steel, due to this 
type of fuel, was 7 points; it might be possible to show that there was a 
greater relationship between the fuel used on the sulfur in the steel than 
the influence of the pig-iron sulfur. Considerable data were collected on 
fifteen furnaces and for the first ten days the curve for sulfur in the 
finished steel followed the curve for the coke-oven gas with remarkable 
regularity. However, the pig iron for this period ran close to 0.040 per 
cent, of sulfur without any perceptible variations. At about this time, 
the blast furnaces reacted severely and started to cast some rather 
irregular iron, the sulfur varying from 0.030 to 0.070 per cent. It is 
unnecessary to state that this variation affected the sulfur in the steel 
very drastically, so much so that it was almost possible to superimpose the 
curve for sulfur in the steel on that for sulfur in the iron. 

A year or so later, the blast furnaces, over long periods, ran around 
0.030 per cent, sulfur in the pig iron and with a 60 or 65 per cent, pig iron 
charge in the open-hearth furnace, the steel consistently finished under 
0.040 per cent, sulfur. In other words, the sulfur in the pig iron had a 
direct and immediate influence on the sulfur in the steel, whereas the 
sulfur in the fuel added its usual 7 points to the steel, but rarely, as far as 
could be proved, much more or less. 

George A. Orrok, New York, N. Y. — I agree with the speaker 
regarding the use of coke-oven gas in the open hearth. In investigations 
covering ten or twelve furnaces, I was unable to find any relation between 
sulfur in the coke-oven gas and the sulfur in steel; that is, the sulfur in 
the steel followed more or less the sulfur in the charge, and apparently 
was not contaminated by sulfur in the coke-oven gas or by a change of 
fuel to either tar or fuel oil. 

C. D. King. — I did not intend to give that impression. I specifically 
stated that the pulverized coal added about 13 points sulfur to the steel 
and the coke-oven gas about 7, but with the coke-oven gas adding its 7 
points the relative variations in the sulfur of the pig iron were more 
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emphatic and clear cut than any variations caused by the amount of 
sulfur from the fuel, either in analysis or in the amounts of fuel used. 

C. H. Herty, Jr. (author^s reply to discussion). — probable 
explanation of the small amount of desulfurization taking place when 
natural gas was used on the 65-ton furnaces mentioned by Mr. King, 
is in the weakly basic slag which these furnaces must have Carried. 
A simple calculation of the amounts of lime and silica in the slags 
resulting from the charges given shows a ratio of lime to silica equal 
to 2. As is shown in the text, it is necessary to have a very basic 
slag to insure the slag taking the sulfur from the metal as fast as 
the gas removes the sulfur from the slag; in the heats with natural 
gas, this could hardly have been the case with the low ratio of CaO 
to SiOo. 
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Reaction between Manganese and Iron Sulfide 


C. H. Herty, Jr.* and O. S. True, f Lackawanna, N. Y. 

(New York Meeting, February, 1925) 

It is well known that manganese will desulfurize molten iron through 
the formation of manganese sulfide, which, being only slightly soluble 
in the metal, rises to and enters the slag where it remains as such (mixer 
slag) or is converted partly or wholly to calcium sulfide (basic open- 
hearth slag). The reaction by which manganese sulfide is formed is 
Mn + FeS = MnS + Fe. This reaction is generally considered to be 
reversible, although McCance^ states that such is not the case. The 
experimental work was carried out to confirm the results of RohP as to 
the reversibility of the reaction. 

Six trials are herein considered. In each 200 gm. of electrolytic 
iron free from manganese and sulfur were melted in a pure zirconia 
crucible in a carbon resistance electric furnace. To the melted iron 
in runs 2, 3 and 4 metallic manganese and manganese sulfide were added 
to give 1, 2 and 4 per cent, manganese respectively, with 0.50 per cent, 
of sulfur in each. In runs 5, 6 and 7, metallic manganese and iron sulfide 
to give the same proportions of manganese and sulphur as in runs 2, 3 
and 4, were added. The melts were held molten in the furnace for an 
hour and then cast into small ingots. 

The results of these melts are as follows: 


Run 

^Material Charged 

Ingredients of 
Manganese, 
Per Cent. 

Charge 
Sulfur, 
Per Cent. 

Analysis of 
Manganese, 
Per Cent. 

Ingot 
Sulfur, 
Per Cent. 

2 

MnS + Mn 

1.0 

0.452 

0.636 

0.367 

3 

MnS + Mn 

2.0 

0.50 

1.57 

0.310 

4 

MnS -f Mn 

4.0 

0.50 

2.81 

0.230 

5 

FeS + Mn 

1.0 

0.50 

0.647 

0.397 

6 

FeS + Mn 

2.0 

0.50 

1.45 

0.374 

7 

FeS 4- Mn 

4.0 

0.50 

2.73 

0.195 


* Research Associate, Massachusetts Institute of Technology School of Chemical 
Engineering Practice. 

t Massachusetts Institute of Technology, Master’s Thesis, 1923. 

1 Andrew McCance: Non-metallic Inclusions. Jnh Iron and Steel Inst. (1918) 

97 , 239. 

* G. R5hl: Constitution of Sulphide Enclosures in Iron and Steel. Carnegie Sch, 
Mem,j Iron and Steel Inst. (1912) 4 , 28. 
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Fig. 2. — Run 3, containing 1.67 pbb cent, bianganesb and 0.310 per cent. 

SULFUR. X 600. 
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These results show that manganese sulfide, even in the presence 
of an excess of manganese, will be converted to iron sulfide and enter the 
metal, the reaction, therefore, being reversible. Further, the greater 
the excess of manganese the lower the sulfur in the metal, regardless of 
whether the sulfur is originally present as MnS or as FeS. Comparing 



Fig. 3. — Run 4, containing 2.81 pek cent, manganese and 0.230 peu cent. 

SULFUR. X 500. 


the tests made with the same concentrations of manganese and sulfur 
in the charge, but with the sulfur charged as MnS in the first case and FeS 
in the second, we have: 

Charge Ingot 


Run 

Material Charged 

Manganese, 
Per Cent. 

Sulfur, 
Per Cent. 

Manganese, 
Per Cent. 

Sulfur, 
Per Cent. 

2 

MnS + Mn 

1.0 

0.452 

0.636 

0.367 

5 

FeS + Mn 

1.0 

0.50 

0.647 

0.397 

3 

MnS + Mn 

2.0 

0.50 

1.57 

0.310 

6 

FeS + Mn 

2.0 

0.50 

1.45 

0.374 

4 

MnS + Mn 

4.0 

0.50 

2.81 

0.230 

7 

FeS -f Mn 

4.0 

0.50 

2.73 

0.195 


From these results, it is evident that equilibrium had been established, 
for regardless of the charging conditions, tests with equal concentrations 
of manganese and sulfur in the charge should come to the same final 
concentrations if the reaction FeS + Mn = MnS + Fe is reversible. 

Sections of the ingots from runs 2, 3 and 4 are shown in Figs. 1, 2, and 
3. As the manganese excess increases the inclusions become darker. 
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showing that the ratio of manganese sulfide to iron sulfide increases. 
This is to be expected as the equilibrium constant or ratio for the reaction is 
„ _ (MnS) metal 

(FeS) metal X (Mn) metal 

from which it can be seen that as the concentration of manganese is 

• j XI X- (MnS) metal 
raised the ratio (FeS )^aetal increase. 

The authors wish to express their appreciation to Mr. V. O. Homer- 
berg, of the Massachusetts Institute of Technology, for the preparation 
of the photomicrographs. 


Note. — The loss of manganese over that required to form MnS was the result 
primarily of oxidation of manganese, the electrolytic iron containing 0.44 per cent, 
oxygen as surface oxidation picked up during pulverizing. 


DISCUSSION 

A. L. Feild,* New York, N. Y. — The authors are to be commended on 
their attempt to establish qualitatively, by means of a method compre- 
hensible to any student of elementary physical chemistry, the reversibility 
of the reaction Mn + FeS MnS + Fe in molten steel as solvent. 
Obtainment of a criterion of reversibility from inspection of the ingot 
analyses was made possible because of the fact that a relatively high 
percentage of sulfide (equivalent to 0.45-0.50 per cent, sulfur) was added 
to the melts; sufficient in each case not only to cause the latter to become 
saturated with sulfide but to give rise to the formation or presence of an 
insoluble excess of manganese sulfide, which escaped from the metal bath. 
Briefly, the authors find that a decrease in total sulfur occurs with increase 
in the total manganese contents of the steel, regardless of whether the 
equilibrium represented by the above equation is approached from the 
right or from the left. It is also observed that, for equal percentages of 
manganese and sulfur in the initial charge, the final percentages of these 
elements in the ingot do not appear to have been influenced in any great 
measure nor in any systematic manner by the direction from which 
equilibrium is approached. 

The authors state that this work was carried out to confirm the results 
of Rohl. Inasmuch as reversibility was observed, it is to be inferred that 
they consider the data of the paper under discussion a corroboration of 
the validity of RohPs conclusions in contradistinction to the findings of 
McCance, who has held the reaction to be substantially irreversible. 
As a matter of fact, prior to the work of the authors, experimental data 
of the direct sort yielded no reliable criterion in favor of the existence of 
any substantial or practically important degree of reversibility. In so 
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far as indirect data were concerned, by far the greater weight of evidence 
inclined toward two conclusions: (1) That the reaction proceeded toward 
the right to practical completion in the ideal case of the three-component 
system Fe-Mn-S with iron in large excess; and (2) that the presence of 
oxygen as a fourth component was responsible for that apparent reversi- 
bility which occurs to so marked a degree in ordinary steel practice. 
Recently I had other occasion to refer to this general subject,* so that 
repetition is unnecessary. The present paper brings forward the first 
reliable evidence of a direct sort to support the view that the reac- 
tion in question is reversible; credit for this accomplishment belongs 
to the authors. 

Taking for granted the reversibility of the reaction, the next important 
step is to determine the equilibrium constant. If this constant is deter- 
mined, we have a quantitative measure of the extent to which the reaction 
is reversible and a simple method for computing the final distribution of 
sulfur in its combination with iron, on the one hand, and manganese, on 
the other, for any given composition of iron or steel. Also, if the true 
solubility of manganese sulfide as such in liquid steel is known, final equilib- 
rium within the molten metal for any given initial charge composition 
may be deduced. 

Fortunately, it is possible to calculate the equilibrium constant, and 
also the solubility of manganese sulfide, on the basis of the analytical 
data obtained by the authors. The method of calculation employed is 
simple but would appear to be new, in metallurgical calculations at least. 
Consider the reversible reaction 

FeS + Mn = MnS + Fe (1) 

to obtain in molten steel as solvent. As was actually the case in the 
present investigation, assume that the liquid is saturated with manganese 
sulfide. Take any two experimental runs, say runs 2 and 4: 

Let, 

Ui = molal percentages of iron sulfide at equilibrium in run 2; 

m = molal percentages of dissolved manganese sulfide at equilibrium 
in run 2; 

Xi = molal percentages of ‘'free'' or uncombined manganese at equi- 
librium in run 2. 

Let W 2 , ntf and X 2 represent the corresponding values in the case of run 4. 
Now the molal percentages of total manganese are equal to 0.645 and 
2.85 and total sulfur to 0.637 and 0.400 for runs 2 and 4, respectively; 
then, 

Xi+m — 0.645 
m + Ui ^ 0.637 


and 


» Trans. ( 1923 ) 70 , 221 - 23 . 


( 2 ) 

( 3 ) 
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Similarly, 

and 


*2 + m = 2.85 
m + U2 = 0.400 


(4) 

(5) 


Also, from the law of mass action 

XiUi = X 2 U 2 = C (6) 

where C is a constant. 

Solving the five equations for the five unknown quantities involved, 
Ml = 0.267, Xi = 0.275, = 0.0295, X 2 = 2.48, and m = 0.370. 


These values are expressed in terms of molal percentages for the 
liquid phase at equilibrium, which equilibrium is supposed to be fixed, or 
frozen,” by the rapid chilling of the small ingots and thus preserved in 
the solidified melt. 

The data on runs 2 and 4 lead directly to the conclusion that the 
molal ratio of manganese sulfide to iron sulfide at equilibrium is equal to 
1.4 and to 12, respectively, for runs 2 and 4, and that the actual molal 
percentages of iron sulfide are equal to 0.27 and to 0.03, respectively. 
The molal percentage of manganese sulfide is, in both cases, equal to 0.37, 
which also represents the solubility of manganese sulfide in the melt. 
The value for C, the constant of equation (6), is equal to 0.0732. This 
constant is closely analogous to the ‘^solubility product” of Nerst, which 
has been so useful in interpreting the behavior of ionized salts in 
aqueous solutions. 

It is now possible to calculate the value of the equilibrium constant K 
for the reaction of equation (1). For practical purposes the molal per- 
centage of iron is constant and may be placed at 98.0 (actually it is equal 
to 99.00 for run 2 and to 96.95 for run 4). Then, 


K = 


98.0 m 
ux 


496 


(7) 


Values for the constant m, (7, and K have been similarly calculated 
from the data of several other pairs of runs. The results are shown in the 
table below: 


SouRCB OP Data 

m 

C 

K 

Runs 2 and 3 

0.527 

0.0130 

3970 

Runs 2 and 4 

0.370 

0.0732 

496 

Runs 5 and 7 

0.272 

0.1665 

160 

Runs 3 and 4 

0.250 

0.3895 

63 


Of course, if the experiments of the authors had been carried out under 
ideal conditions, the values for m, C, and K should be constant throughout 
the series and independent of the particular set of data selected. 

It is not possible to state whether or not the inconstancy of m, C, 
and K is due chiefly to the combined effect of variability of temperature, 

TOL. LXXI. — 35 
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analytical and sampling error, and failure to attain equilibrium. It 
is to be hoped that the work of the authors will be repeated in an effort 
to obtain greater refinement of method and to avoid, as far as practicable, 
the above-mentioned sources of possible error. The above-described 
method of calculating the equilibrium constant now supplies a criterion 
for evaluating experimental accuracy and reliability of technique. 

Examination of the calculated values in the preceding table leads to 
the conclusion that the author’s data, while valuable from the qualitative 
side, are not sufficiently exact to permit of a reliable quantitative estimate 
of the value of the equilibrium constant. There would appear to be a 
decided tendency for K to decrease in magnitude with increasing per- 
centages of manganese. This consistent drift toward lower values of 
equilibrium constant may be due either to an effect of uncombined man- 
ganese in decreasing the solubility of manganese sulfide, or to the presence 
of emulsified manganese sulfide under equilibrium conditions. The 
latter appears to be the more probable. 

Let us suppose that another reversible reaction of analogous character 
and represented by the equation 

Mn -|“ FeO ^ MnO -f- Fe (8) 


obtains in the melt. With the percentages of manganese actually present 
in these runs, it is certain that the steel would be saturated with MnO 
at equilibrium. 


Let, 


then 


and 


u' = molal percentage of dissolved FeO; 

X = molal percentage of uncombined Mn; 
m' = molal percentage of dissolved MnO; 

98.2 m' 


( 9 ) 


Where K' is the 
bility product.” 


C' = u'x (10) 

equilibrium constant for equation (8) and C' its '^solu- 
From (7) and (9), 


mK' 

m'K 


= constant 


( 11 ) 


In other words, the molal percentage of dissolved iron sulfide, FeS, 
must bear a constant ratio to the molal percentage of dissolved iron 
oxide, FeO, under the conditions of these experiments; i.e. when the melt 
is saturated with respect to both MnS and MnO. This fact indicates, 
incidentally, how difficult it is to consider the sulfur-binding power of 
manganese apart from its concomitant effect on any oxygen that may be 
present. Obtalnment of values for the equilibrium constant for equation 
(^) and the solubility of manganese oxide is theoretically possible by 
niearis of a calculation of the same type as that already applied to equa- 



DISCUSSION 


547 


tion (1). The only additional datum required is the total molal per- 
centage of oxygen dissolved at equilibrium in the melt in the form of the 
oxides of iron and manganese. By an obvious alteration of the method of 
calculation, a knowledge of the molal percentage of oxygen existing in 
solution as iron oxide would serve as well. 

H. S. Rawdon,* (Washington, D. C.). — The photomicrographs show 
somewhat more than the author has pointed out and help to confirm his 
conclusions based on other evidence. Fig. 1 represents a heat in which 
manganese was relatively low. The manganese content is increased in 
runs 2 and 3 so that Fig. 3 represents more nearly pure manganese sulfide 
than Fig. 1. We can state, with considerable assurance, that in Fig. 1 
we have ferrosulfide, from the form of distribution in those inclusions. 
It is well known that iron sulfide exists in steel as thin intercrystalline 
films. As the manganese content was increased, therefore, iron sulfide 
changed over into manganese sulfide, and the thin films were changed 
into the well-formed globules in Fig. 3, which condition is quite generally 
considered characteristic of manganese sulfide. I do not quite under- 
sand why one should get a duplex structure in Fig. 3. It is clearly 
shown that there are two constituents especially in the large globule. 
That may indicate that instead of the iron and manganese sulfide forming 
a true solid solution they separate out as more or less distinct phases. 

C. H. Herty, Jr. — I think very probably that is true although there 
is a small amount of iron sulfide in Fig. 3. Possibly two phases separate 
out. We were not able to check that. 

T. L. Joseph, t (Minneapolis, Minn.). — The desirable thing in this 
case is to drive the reaction toward the formation of manganese sulfide. 
It is important to remove that manganese sulfide as quickly as possible. 
The solubility of manganese sulfide will affect this but I think the compo- 
sition of the slag over the bath is very important. By providing the 
proper slag the manganese sulfide can be removed from the reaction. 
This will further desulfurization. 

C. H. Herty, Jr. — Where we had a very small amount of manganese 
sulfide, if the sulfide were increased we would have gotten much less 
desulfurization for a given amount of manganese. 

Haakon Styri,J Philadelphia, Pa. — Calling attention to the equilib- 
rium reaction between manganese, oxygen and iron, it seems logical to 
assume similar relations if in such reaction sulfur replaces oxygen, except 
that sulfur and manganese may react with only one atom each. The 
relation between oxygen and manganese in molten iron can be represented 

* Physicist, Bureau of Standards, 
t Metallurgist, Bureau of Mines. 
t Chief of SKF Research Laboratory. 
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graphically on semi-logarithmic scale by two straight lines, the abscissa 
giving the concentrations; the ordinate, the log of the dissociation pressure 
as shown, where lines intersect the abscissa give corresponding equilib- 
rium concentrations of oxygen and manganese. 



We can draw lines for sulfur and manganese and we must have a 
similar relation; the ordinates start at some arbitrary point. Taking the 
manganese concentration as a base and plotting the corresponding sulfur 
concentrations from the data in the paper, it will be found that they do 
not fall on a straight line. This may be due to having different tempera- 
tures for the various experiments, or insufficient time in some, or even 
different composition of the slag. 
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Reduction of Iron Ores by Carbon Monoxide 

By Heihachi Kamura,* M. S., Tobata-Shi, Fukuoka-Ken, Japan 

(New York Meeting, February, 1925) 


The reduction of iron oxide, such as Fe 203 , to iron in the blast furnace 
is performed principally by carbon monoxide, but partly by solid carbon 
by the two following reactions: 

FG2O3 -f- SCO = 2Fe “I" 3CO2 
2Fe203 + 3 C = 4 Fe + SCOz 

It is known that reduction by carbon monoxide takes place at a much 
lower temperature than reduction by carbon and that the reducing action 
of carbon monoxide progresses to the inside of the ore in lump form by 
gaseous diffusion. In the reduction by carbon, however, the reducing 
action takes place only at the contact surface of the ore and carbon, so 
that the more complete the reduction by carbon monoxide, the more 
efficient is the operation. 

However, the reduction does not progress as shown in the foregoing 
equation, because carbon dioxide acts oxidizingly on the metallic iron to 
such a degree that when the gaseous composition reaches a certain pro- 
portion of carbon dioxide to carbon monoxide, the reduction practically 
stops, even though the gases are moving slowly through the heated ore. 
The proportions of carbon monoxide and carbon dioxide in the gas depend 
on the kind of iron oxide and the temperature of reduction, also on the 
duration of time in the reaction. The longer the time of the reaction, 
the higher the proportion of carbon dioxide obtained in the gas, but 
finally it will attain to a condition of equilibrium. 

Chemical Equilibrium of Iron, Oxygen, and Carbon 

Investigations concerning the equilibrium between iron, oxygen, and 
carbon have been carried out by E. Baur and A. Glaessner,^ who deter- 


* Metallurgist, Meiji Mining Co. 
^ Zt8chr.Phy8, Chem, (1903) 43 . 
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mined the equilibrium conditions of the two reactions within the tem- 
perature range of 350° to 900°C. 

Fe 304 + CO 3FeO + CO 2 (1) 

FeO +CO Fe + CO 2 (2) 

Next investigations were made by Schenk and Heller, ^ and by 
Schenk, Semiller and Falcke^ within the range of 550° to 700° C. 
Recently Professor Matsubara^ has thrown light on the equilibrium at 
higher temperatures. 

The total equilibrium between iron, iron oxide, carbon, and the two 
gaseous oxides, carbon monoxide and carbon dioxide, is represented as an 
equilibrium of a three-component system (C, Fe, O) with the simultane- 
ous presence of a four-phase (Fe, FeO, C) gas. According to the phase 
rule, such a system must have one degree of freedom; the equilibrium is 
univariant. Therefore at a definite temperature, the pressure and the 
concentration of gas will be fixed. However, when there exist only three 
phases of iron, carbon and the gaseous phase, the equilibrium will be 
bivariant. If the temperature is fixed, the pressure and the concentra- 
tion of gas will vary and it cannot be brought to the equilibrium condi- 
tion until one of the phases is fixed. The equilibrium condition in the 
chemical equations (1) and (2) is called, respectively, Fe 304 -Fe 0 and 
FeO-Fe equilibrium. When the reduction progresses the following 
Fe-Fe 3 C and FeO-FesC equilibriums will exist: 

3Fe +2CO Fe 3 C+ CO 2 (3) 

3FeO + 5CO Fe 3 C + 4 CO 2 (4) 


The composition of the gaseous phase in the four equilibriums given, 
which has been obtained by the investigators named, is as follows: 


Temperature, 
Degrees C. 

Fe804-Fe0 Equilibrium 

FeO-Fe Equilibrium 

Per Cent., 

COi 

Per Cent., 

CO 

Per Cent., 

CO 

Per Cent., 

COt 

561 

1 

! 


53.6 

46.4 

627 

43,5 

, 56.5 

57.0 

43.0 

662 

39.7 

60.3 

58.4 

41.6 

720 

35.2 

64.8 

60.7 

39.3 

863 

: 25.5 

74.5 

65.9 

i 34.1 

963 

20.4 

j 79.6 

69.2 

30.8 

1070 

16.4 

1 83.6 

72.4 

27.6 

1175 

15.2 

84.8 

75.5 

24.5 


*Ber. (1906) 


(1907) 40 . 


* Trana. (1922) 67, 3. 
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The percentages of CO in FeO-FesC and Fe-FeaC equilibrium are 
as follows: 


Temperature, 

Degrees C. 

FeO-Fe»C Equilibrium, 

Per Cent. CO 

Fe-FeiC Equilibrium, 
j Per Cent. CO 

800 

86.0 

92.3 

850 

88.6 

94.5 

900 

90.3 

95.4 

1000 

92.9 

97.0 

1100 

95.6 

98.9 


In Fig. 1, the curves indicate the composition of the gaseous phase 
against the temperature in the equilibrium conditions. The total 



equilibrium condition in definite temperature between Fe, FeO, CO, 
and CO 2 is represented by the curve A in Fig. 2. On the left-hand side 
of the line, the metallic iron is oxidized to FeO, and on the right-hand side 
the reduction of FeO takes place. Curve B is the equilibrium in definite 
temperature between FeO, Fe 203 , CO, and CO 2 ; also C is the equilibrium 
between amorphous carbon, CO, and CO 2 . At the intersection of the 
curves are the two equilibria between Fe, FeO, C, and two gaseous oxides. 
Each field between the lines has the following meaning: 


Field 

I, 

2CO 


c 

+ 

COa 

FeO 

+ 

CO • 

•Fe 

+ 

COa 

Field 

11, 

2CO 

—* 

c 

+ 

CO 2 

Fe 

+ 

C 02 

FeO 

+ 

CO 

Field 

11', 

2CO 


c 

+ 

CO 2 

FeO 

+ 

COa- 

• FeaOi 

+ 

CO 

Field 

in, 

C 

+ 

C 02 


2CO 

Fe 

+ 

COa- 

FeO 

+ 

CO 

Field : 

HI', 

C 

+ 

C 02 


2CO 

FeO 

+ 

CO 2 

• Fe804 

+ 

CO 

Field 

IV, 

C 

+ 

C 02 

-» 

2CO 

FeO 

+ 

CO 

•Fe 

+ 

COa 

When 

Fe, 

FeO, 

c. 

CO, 

and CO 2 

coexist, the reduction of FeO 

to Fe 


takes place in the fields I and IV. In field I, metallic Fe and C can 
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coexist; and in field IV, CO gas will be generated by the reduction of 
fine carbon. In fields II and II', C and FeO or C and FeO with CO can 
coexist, respectively. However, in fields III and III', C disappears by 
oxidizing action and FeO or Fe 304 respectively is stable. 



Fig. 2. 


Proper TEMPERATtrRE fob Reduction 

It has been understood that the oxide of iron can be reduced to the 
metallic state by carbon monoxide at a moderately lower temperature 
t.lin.n in the blast furnace, considering the result of investigation of 
equilibrium. But from the technical standpoint, it is important to 
determine the temperature at which nearly perfect reduction takes place 
in moderate velocity. For this purpose, the author investigated the 
proper temperature of reduction on Mesabi hematite ore having following 
composition: 64.48 per cent. Fe, 4.56 per cent. Si02, 0.68 per cent. AI2O3, 
0.059 per cent. P 2 O 6 . 

The ore passed through screens 30 to 50 meshes per linear inch. The 
carbon monoxide gas was prepared by passing the carbon dioxide on the 



HEIHACHI KAMURA 


553 


charcoal which was heated to about 1000° C. The small percentage 
of carbon dioxide in the gas was absorbed by KOH solution and the 
moisture in it was taken off by passing through concentrated sulfuric 
acid; then nearly pure carbon monoxide gas was obtained. 

The experiment of reduction was carried on in a combustion tube 
heated in a horizontal type of electric-resistance furnace of nichrome 
wire, as in Fig. 3. The temperature in the furnace was measured by a 
Pt-Rh thermocouple. From 0.5 to 1.0 gm. of the ore was put into an 
alundum boat, which was placed in the middle of the furnace. Rubber 
stoppers, into which glass tubes with cocks were inserted, stopped both 



ends of the combustion tube. The air in the tube was evacuated as far as 
possible before starting the experiment. When a desired temperature 
was obtained, the CO gas was passed into the tube for reduction. The 
gas, taken in a eudiometer after reduction, was analyzed and the weight 
of reduced sample also was measured. In experiments 1 and 2, the reduc- 
tion was carried on at 550° C. on 1 gm. of the hematite ore. After passing 
1000 c.c. of CO, there was from 30 to 40 per cent, of CO 2 in the gas after 
reduction and a great deal of carbon was deposited on the surface of the 
ore. This was due to the dissociation of CO by the following reaction, 
according to the catalytic action of iron oxide: 

2CO C + CO 2 

In experiment 4, the reduction was done at 600° C. and 600 c.c. of CO 
gas was passed. The gas after reduction was analyzed in each 100-c.c. 
interval. The percentage of CO 2 in the first 100 c.c. of the gas was 
38..2 per cent., and in the last interval, 29.0 per cent. Some of the 
deposition of carbon was recognized and the diminution of weight of the 
sample was only 0.0336 gm. As reduction of iron oxide to the metallic 
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state requires a higher temperature than the above, the following 
experiments at higher temperatures were made. 




Tempera- 
ture of 
Reduction, 
Degrees C. 

Volume of 
CO Used, 
Cubic 

Centimeters 

Per Cent, of Reduction 

Per Cent, of COj 

Number 
of Experi- 
ment 

Weight of 
Sample, 
Grams 

1 

From 
Weight of 
Reduced 
Sample 

ByCOi 
in Reduc- 
tion Gas 

At Start 

At End 

8 

1.0 

700 

1012 

64.2 

63.0 

44.4 

16.4 

11 

0.5 

750 

1242 

1 87.6 

85.0 

40.0 : 

14.4 

14 

0.5 

800 

1020 

: 85.9 

87.0 

37.4 ; 

7.6 

16 

0.5 

850 

1300 

93.5 

94.0 

37.0 

4.0 

17 

0.5 

900 

1300 

: 98.3 

98.0 

32.2 

4.6 

18 

0.5 

1 

600 

649 

50.7 

1 

49.0 

30.0 

9.2 


The time of reduction in these experiments was from 1 to 2 hr. The 
percentage of reduction was calculated from the diminished weight of 
the sample and also from the weight of O 2 combined with CO forming CO 2 ; 
the two results nearly coincide. 

The results of the experiments show that the percentage of reduction 
at 600° C. was only 50 per cent, passing 600 c.c. of CO, and that if the 
reduction was carried farther, the carbon would deposit on the sample 
without any more reduction, as in experiment 4. 

If the reduction temperature was higher than 600° C., the percentage 
of reduction was increased gradually by raising the temperature. For 
instance, at 700° C. it was 64.2 per cent., and at 800° C., 85.9 per cent., 
for about the same volume of CO. It increased to 93.5 per cent, at 850° C. 
and to 98.3 per cent, at 900° C. with the same volume of CO. At 900° C., 
nearly perfect reduction was obtained by 1300 c.c. of CO at standard 
conditions. Therefore we would say that the reduction of hematite to 
metallic state will take place at 900° C. at moderate velocity. 


Rate of Reduction on Different Sizes of Ore 

As the next step, experiments were made at a temperature of 900° C. 
on two sizes of Chushu hematite to detect any influence on the velocity 
of reduction by the size of ore; the ore analyzed as follows: 


Siae of J Ore, 
Meshes 
per Linear 
Inch 

SiOl, 

Per 

Cent. 

Fe as 
FeaOi, 
Per Cent. 

Fe as 
FejOa, 
Per Cent. 

Total 

Fe, 

Per Cent. 

CaO, 

Per 

Cent. 

8, 

Per 

Cent. 

' P. 

; Per 
Cent. 

Mn, 

Per 

Cent. 

AljOs, 

Per 

Cent. 

10-20 

20-30 

10.9 

9.68 

11.886 

12.696 

48.524 

48.834 

60.410 

61.530 

0.30 

0.38 

0.027 

0.033 

0.005 

0.005 

0.338 

0.297 

0.76 

0.88 
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Some of the results were as follows: 


Number of 
Experiment 


5 

7 


Size of Ore, 

Time of Reduction 

! Volume of 
CO for 

Per Cent, of Reduction 

Meshes per 
Linear Inch 

Hours 

Minutes 

; Reduction, 

1 Cubic 

1 Centimeters 

By 

Weight 

By 0* 

{Formed COa 

20-30 i 

2 

30 

1 1 

! 1503 

97.5 

93.2 

10-20 

2 

30 

' 1198 

95.2 

1 92.9 


After reduction the gas was analyzed at intervals and the curve shown 
in Fig. 4 plotted for the volume of CO used and the percentage of reduc- 
tion calculated from the O 2 taken off by CO as CO 2 . There is no evidence 
in these curves that the size of ore has any influence on the velocity of 
reduction. The ore in experiment 7 was larger than that in experiment 
5, but the reduction progressed at nearly the same ratio against the 
volume of^CO passed in the two cases. 



Fig. 4. 


From these experiments it was decided that larger ore could be used, 
so the reduction of Santo hematite was tried. This ore passed through 10 
to 4 meshes per linear inch and had the following composition: Fe 67.165 
per cent., Si02 3.08 per cent., AI2O3 0.96 per cent., CaO 0.432 per cent., 
Mn 0.153 per cent., MgO 0.145 per cent., P 0.038 per cent^., S trace, 
H2O 0.10 per cent., ignition loss 0.84 per cent. 

In these experiments, the weight of ore was much larger than in the 
previous experiments, and it required a much larger volume of gas, so that 
the author devised a system of gas circulation: The gases, which after 
reduction have some CO 2 , are circulated again into the red-hot charcoal 
to reduce the CO 2 to CO. The circulation of the gases is maintained 
continuously to the reduction furnace until the experiment is finished. 
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A diagrammatic sketch of the arrangement is shown in Fig. 5. It 
differs from the arrangement shown in' Fig. 3 by placing a blower 
between the gas-generating furnace and the reduction furnace and an 
aspirator at an end of system to take the volume of increased gas, 
which is indicated by the pressure in the eudiometer. 



Some of the results of these experiments are as follows: 


Number of 
Experiment 

Weight of 
Sample. 
Grams 

Time of Reduction j 

Analysis of Re- 
duced Ore 

Per Cent, of Re- 
duction 

Per Cent. 
ofCOain 
Gas at 
End of 
Reduc- 
tion 

Hours 

Minutes 

Fe, 

Per Cent. 

Total 
Fe, Per 
Cent. 

By 

Analysis 

By 

Weight 

27 

20 



1 

80.598 

88.021 

91.6 

91.4 

9.4 

28 

30 

5 

10 

78.831j 

82.719 

95.3 

92.4 

4.7 

41 

80 

3 

45 

88.900 

94.971 

93.6 

90.75 

4.9 


In these experiments, fairly good results were obtained in spite of 
the fact that the ore was larger and in all cases the percentages of reduc- 
tion were over 90 per cent. In experiment 28, the time of reduction was 
much longer than in experiment 41, with the quantity of the ore smaller. 
This is why the volume of CO gas passed in No. 28, in unit time, was 
much smaller than in No. 41. 

Because quite good results in reduction of the ore, even with the size 
of the ore up to 4 mesh per linear inch, were obtained, the reduction was 
tried at 900® C. on larger sizes of Santo hematite, and the following results 
were obtained: 
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Number 
of Experi- 
ment 

Weight of 
One Piece 
of Ore, 
Grams 

Time of Reduction 

Analysis of Reduced Sample 

Per Cent, of Re- 
duction 

Per Cent. 
COs in 
Gas at 
End of 
Rduo- 
tion 

Hours 

Minutes 

Fe. 

Per Cent. 

Total Fe, 
Per Cent. 

c, 

Per Cent. 

Analysis 

By 

Weight 

37a 

2.5522 









37b 

2.5261 

1 

10 

95.091 

96.505 

0.859 

98.5 

99.4 

3.3 

37c 

1.7961 









38a 

2.9833 









38b 

1.9900 

1 

35 

95.798 

96.909 

0.369 

98.8 

98.4 

1.6 

38c 

! 2.0167 



1 

i 






38d 

2.0147 



1 






39a 

10.5536 









39b 

8.1070 

3 

5 

i 




97.1 

3.2 


In experiments 37 and 38, one piece of ore weighed 2 to 3 gm. and time 
of reduction was 1 hr. 10 min. and 1 hr. 35 min., respectively, without 
measuring the volume of gas. The size of ore was about 1 cm. Even 
in such a piece, nearly perfect reduction was obtained in a very short time. 





Fia. 6. 


Therefore, in experiment 39, the two pieces of ore being about 10 and 8 
gm. and about 2 cm. in size, the percentage of CO 2 of 3.2 in the gas after a 
reduction for 3 hr. makes the percentage of reduction 97.1 per cent. 
The percentage of CO 2 in reduction gas decreased gradually when the 
reduction progressed. 

In these three experiments, when the percentage of CO 2 in the gas 
became about 3 per cent., the reduction attained was nearly perfect. 
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Fig. 6 shows the piece reduced in experiment 39a and Fig. 7 is the 
photomicrograph of the same sample polished, and shows the spongy 
structure of the reduced iron. 



Fig. 7 


Rate of Reduction on Different Kinds of Ore 
There must be some difference in the rate of reduction, or reducibility, 
of different kinds of ores as all are of different natures, so seven kinds 
were used in this investigation. The ore was rather coarse as previous 
experiments had shown that there is not a marked difference in reduci- 
bility as to size up to a certain point. The ore was three to four mesh per 
linear inch, except the Sahinai magnetite which was four to eight mesh 
per linear inch, and the Wanisu magnetite sands. The analysis of the ore 
was as follows: 


Kind of Ore 


Taihei limonite 

Taiya hematite 

Santo hematite 

Toohu hematite 

Sahinai magnetite . . . 

Rigen hematite 

Wanisu magnetit 
sands 


0.38 

0.10 


I 


•fl 


12.60 

4.25 

0.84 

2.82 


q 

r® 

so 


08 g 


4 . 52 ! 

! 

2 . 32 | 

| 49 . 50 | 

1.61 


121.081 


155.12 

59.701 

3.45 

56.21 


55.29 

59.64 

67.16 

62.02 

52.95 

57.82 

52.74 


4.94 

6.50 

8.08 

6.34 

9.62 

15.86 

16.65 


5 . 02 : 0 . 60 . 
2 . 70 j 0.491 


0.96 

1.04 

1.66 

Trace! 


0 . 43 | 

0 . 42 | 

6.621 

Trace 


I 

1 . 380.15 
0 . 2910. 35 
0 . 150.16 
0 . 120.15 
0.17 
0.04 


10 . 50 ! 


0.94 

0.04 

0.04 

0.04 

0.03 

0.01 


i 

I 

OQ 

1.07 

0.12 

Trace 

0.01 

0.09 

Trace 
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The experiment of the reduction was made by the equipment shown in 
Fig. 5. The weight of the ore, taken in the tube, was 100 gm. and ores, like 
Taihei and Taiya, that contain some combined water were previously 
roasted. The typical results of reduction for each kind of ore are given 
in the accompanying table. 




Time of 


1 

Per Cent, of Reduction 

Num- 


Weight ' 

■ Vol- 

Velocity ! 






, 

ot Ke- 



ume 

of CO ; 





; Kind of Ore 

duced 


CO 

Passed, 


By 

By 0» 



Sample, 


Used, 

C. C. 1 

By 

M. Fe 

Formed 



Grams Hours 

Min- 

utes 

Liters 

per Min.! 

Weight 

in 

Analy- 

CO* 

with 








sis 

CO 

87 

Taihei 

72.5300 3 

15 

173.660 

890 

96.4 

95.0 

95.0 

73 

Taiya 

74.0056 4 

0 

173.870 

725 


88.8 

93.6 

88 

Santo 

70.1668 4 

45 

238.790 

838 


93.6 

96.0 

94 

Tochu 

71.6750 4 

30 

248.300 

920 

94.9 

91.5 

91.5 

90 

Sahinai 

82.8500 4 

55 

199.361 

676 

78.8 

73.7 

85.9 

89 

Rigen 

78.4278 4 

0 

221.982 

925 

82.5 

82.0 

81.3 

79 

Wanisu magnetite 









sands (50 gm.) . 

41.7065 5 

0 

109.816 

732 

90.5 

75.5 ! 

75.1 


With the Taihei, Taiya, Santo, and Tochu ores, a reduction to metallic 
state of over 90 per cent, was obtained by passing from 725 to 920 



..jrisssaai 


\0 10 30 40 50 & 
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Fig. 8. 


c. c. per min. of CO gas, but in the case of Sahinai, Rigen and Wanisu 
magnetite sands, the velocity of reduction was much slower. The 
percentages of reduction are calculated in three ways; and all the results 
nearly agree with each other, with the exception of Sahinai magnetite 
and Wanisu magnetic sands. 

The curves in Fig. 8 are plotted, taking the volume of CO gas in 
standard condition as ordinates and the percentage of reduction as 
abscissas, to compare the reducibility of the seven kinds of ore. For 
this purpose it is necessary to keep the volume of gas constant for a 
certain unit of Fe content in the sample. It was not possible to keep the 
velocity of gas constant, but roughly so. To make the comparison more 
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accurate for different ores, in the curves, the volume of CO gas is calcu- 
lated bstsed on the one atomic gram of iron content (56 gm.) in each ore. 

Relation of Reducibility and Density of Ore 

The difference in reducibility of different ores is shown by the curves 
in Fig. 8. Taihei limonite is most easily reducible and the Wanisu 



Fig. 9. 


magnetite sands are most difllcult to reduce. A reduced iron from 
Taihei limonite is shown in Fig. 9. This experiment was made on 100 
gm. of ore in the combustion tube, the sample filling it about one-third of 
its diameter. After reduction, the tube was filled by a reduced spongy 
iron, by expansion as shown. Generally speaking, the ores expand more 
or less by the heating in reduction and they do not shrink to the previous 
size, owing to the combined oxygen with iron taken off during the reduc- 
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tion. In the case of limonite, the whole combined water with Fe208 
dissociates during the heating, say 500® C., so that the heated ores assume a 
very porous state. As a result, the gases would diffuse into the ore 
very easily and the reducing action of the gas takes place more rapidly. 
This is the reason why Taihei limonite is easily reducible. 

It was thought that the physical properties of the ore might have a 
large influence on the reducibility, that there must be some relation 
between reducibility and density of the ore for reduction in different 
kind of ores. The apparent specific gravity, therefore, was measured for 
the seven kinds of ores used in the experiments just described. 


Kind of Ore 

Fe Content, 
Per Cent. 

Ti02, 

Per Cent. 

Apparent 

Specific 

Gravity 

Real Specific 
Gravity 

Taihei 

55.29 


3.25 

3.956 

Taiya 

59.64 


3.80 

! 4.426 

Tochu 

62.02 


4.38 

4.492 

Santo 

67.55 


4.53 

4.743 

Sahinai 

52.95 


4.56 

4.616 

Rigen 

57.82 


4.57 

4.511 

Wanisu 

49.63 

10.50 


4.900 


Comparing these specific gravities of the ores and their reducibility 
in the curves in Fig. 8 will show that the order of reducibility of ores 
nearly coincides with their specific gravity. The smaller the specific 
gravity, the more easily does the reducing action take place. The only 
exception is in the case of Santo ore, which has heavier specific gravity 
than Tochu ore, but its reduction is easier than the latter. This is why 
one does not take account of the iron content in the ore. Strictly speak- 
ing, we should compare the specific gravity of iron oxide in the ore, but 
it is impossible as the ore contains some gangue. If we assume that 
the specific gravity of the gangue, like Si02, AI2O3, CaCOs, is 2.7, by calcu- 
lation the specific gravity of the iron oxide in the ore will be as follows: 


Kind of Ore 

Fe Content, 
Per Cent. 

As Fe 
Oxide, 

Per Cent. 

Fei 04 +TiO* 

Gangue, 
Per Cent. 

.^parent 

Specific 

Gravity 

Taihei 

55.29 

78.99 


21.01 

3.42 

Taiya 

59.64 

84.98 


15.02 

3.99 

Tochu 

62.02 

88.54 


11.46 

4.60 

Santo 

67.55 

96.46 


3.54 

4.60 

Sahinai 

52.95 

73.29 


26.71 

5.23 

Rigen 

57.82 

82.45 


17.55 

4.97 

Wanisu 

49.63 

78.38 

21.62 

5.50 
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Here the specific gravities of Tochu and Santo ores are the same, but 
Santo ore is easier to reduce than Tochu. The reduction of Rigen hema- 
tite is very difficult, considering its specific gravity; this is probably due 
to the degree of crystallization. Comparing the specific gravity in the 
table and the reducibility, we can say that there is a definite relation 
between specific gravity and reducibility; also, that the higher the 
degree of crystallization of the ore the more difficult the reduction will be. 

Size of Ore for Reduction 

As fairly good results were obtained in from 3 to 5 hr., in the reduc- 
tion of ore up to 3-mesh, further experiments were made to find the 
maximum size of ore allowable for reduction in a certain time. It is 
difficult to express the size of the lump ore by length, so it is designated 
by weight. 


Number 

of 

Experi- 

ment 

! 


iTime of Reduction 

1 

1 Velojcity , 

Weight of 

Per Cent, 
of Re- 

Kind of Ore 

Weight of 
Ore, Grams 

Hours 

OI i 

, Gas, 1 

; Minutes per 

Reduced 

Iron, 

Grams 

duction 
Calcu- 
lated by 
Weight 

70a 

Taiya 

41.4165 




29.3000 

97.9 

70b 

i Tochu 

43.2600 

7 

00 


31.5400 

87.4 

83 

Tochu 2 pieces 

69.2150 

5 

15 

798 1 49.4490 

95.5 

84 

Taiya 3 pieces 

91.6981 

4 

55 

1 780 ! 

65.5035 

93.9 

85 

Taiya 1 piece 

42.3030 

3 

45 

1134 ! 

30.7890 

87.5 

86 

Taiya 3 pieces 

' 106.3227 

3 

20 

i 1021 

76.3293 

91.8 

94 

Taiya 1 piece 

39.3028 

1 

, 30 

2720 , 

28.3921 

89.3 


The velocity of gas was calculated on the basis of 100 gm. of ore. In 
experiment 70a, the sample placed at the inlet side of the gas was nearly 



Fig. 10. 

reduced. In No. 83, two pieces of Tochu ore were reduced during the 
5 hr. with a gas velocity of 798 c. c. per min. and 95.5 per cent, of reduc- 
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tion was obtained. In No. 94, the gas velocity was increased to 2720 c.c. 
per min. and in hr. 89.3 per cent, of reduction was obtained. Fig. 
10 shows a piece of reduced iron from experiment 83 that was broken into 
two pieces. A dark spot, in the center, shows that some unreduced FeO 
still exists. 

Conclusions 

From this investigation, the following conclusions were drawn: 

1. The proper temperature for reduction of iron ores by carbon 
monoxide gas depends on the physical properties and the chemical 
composition of the ore. In the case of limonite or hematite, it is about 
900° C.; in the case of magnetite or magnetite sands, slightly higher 
temperatures are needed. 

2. The difference in reducibility of the ores depends mostly on their 
physical properties. The denser the ore, the more difficult is the reducing 
action of gas as the diffusion of gas will be slower; generally, the density of 
an ore will indicate its reducibility. The degree of crystallization of the 
ore, also, has much influence on the reducibility. 

3. The time for reduction will be determined by reducibility, size of 
ore, and volume of CO gas passed. In these experiments, nearly perfect 
reduction was obtained in from 2 to 3 hr. on the 1-cm. size of ore, using 
the proper volume of gas. 

4. The finer the ore, the easier the reduction, but it is better that 
the ore have some size to a certain extent as the gas diffuses easily between 
the particles of the ore. In the experiments, reduction was tried on the 
ore up to 40-gm. pieces (1 by 1}'2 in.) . The time required for the reduction 
was from 33^ to 5 hr. in the 1-in. size of ore, and from 2 to 3 hr. for ore 
under 3-^ in. in size. 

The blast furnace is pre-eminently the most economic iron producer 
today and its degree of efficiency has probably reached the highest point 
of development. Probably few devices have so closely approached the 
perfection of which, by their nature, they are capable. Fifty j’^ears ago 
nearly thrice as much fuel was often used as is needed today in the best 
blast furnaces. Nevertheless, blast-furnace operation is open to grave 
criticism. The iron is not only brought to the metallic state, which can 
be done at a low temperature as in these experiments, but the deoxidized 
iron is raised to a much higher temperature. This high temperature 
causes such strong deoxidation that other metallic and non-metallic 
compounds in the ore are reduced, the resultant iron being marked by 
impurities, such as phosphorus, silicon, manganese, carbon, etc.; also 
much more heat energy is needed for the operation. This also necessi- 
tates secondary treatment in converters and open-hearth furnaces to 
remove impurities for refined steel. This procedure of making steel by 
carburizing iron in the blast furnace and then decarburizing it is illogical. 
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If the iron ores are reduced to the metallic state at about 900® C. by 
CO gas, as in these- experiments, and the resulting spongy iron, without 
cooling, is melted down in electric furnaces, the steel may be made directly 
from the ore. The calculations made in this paper show that the theo- 
retical heat energy in this process is only one-half the theoretical heat 
required in the blast furnace. Assuming the same thermal efficiency in 
the two cases, in this process 0.5 ton of coal as fuel and 500 kw.-hr. for 
melting 1 ton of steel will be sufficient instead of 1 ton of coke per ton of 
pig iron in the blast furnace. 

It is reasonable to conclude that any process aiming at the produc- 
tion of iron or steel direct from the ore must take into account considera- 
tions that are of such great importance in iron metallurgy; viz., time and 
temperature of reduction and strength of reducing agent. 

Many proposals have been made for solving the direct-reduction 
process. But it is fallacious to reason that the process will not succeed 
because, in the past, usually ill-advised attempts have failed, have 
wasted much iron and more gold, and have used more fuel than the blast 
furnace — ^because the direct process in its infancy was weaker than the 
blast furnace in its perfection. The experimenters failed because they 
did not overcome obstacles, often unseen, not understood, serious, but not 
in their nature insuperable; they failed not because the direct process 
lacked capability but because it was difficult. 

To apply those fundamental principles determined in this research 
work for the development of the direct process demands a high degree of 
metallurgical and engineering talent and knowledge, and, just for lack of 
these, the direct process has failed in the past. But today our knowledge 
is greater and the amount of trained talent available for solving difficult 
metallurgical problems is incomparably greater than formerly, and both 
knowledge and the quantity of available talent are increasing rapidly. 
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DISCUSSION 

T. L. Joseph,* Minneapolis, Minn.— In his experiments, the author 
placed the iron ore in a small alundum boat, which was placed in an 
electric-resistance furnace, and the gases were passed over the small boat. 
By this arrangement there is not the contact between the gas and the 
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ore that would be obtained under conditions where the gas is forced 
through the ore. 

A number of years ago Doctor Eastman performed a series of experi- 
ments very similar to those performed by the author; he used a 1-in. pipe 
as a container, the pipe being in a horizontal position and rotated at a 
very low speed. Doctor Eastman found that there was very little differ- 
ence in the rate of reduction as he increased the depth of charge in the 
tube until the tube was entirely filled with ore, when the gas was forced 
through the offe and not over the top surface; under such conditions the 
rate of reduction almost doubled. As a result, I cannot agree with some 
of the conclusions in this paper. For example, the author concluded that 
the size of ore particles had very little effect on the rate of reduction; 
Doctor Eastman found quite the opposite. In his series of experiments he 
obtained data that led him to believe that the size of ore particles had a 
marked effect on the rate of reduction. 

There seems to be a slight inconsistency in the paper. On page 555, 
it states that there is no evidence in the curves that the size of ore has 
any influence on the velocity of reduction, while at the end of the paper 
one of the conclusions is that the finer the ore, the easier the reduction. 
It is also stated, however, that the ore should have some size in order that 
the gases may diffuse easily between the particles of the ore. 

R. Franchot, * Washington, D. C. — It is stated among the conclusions 
that the theoretical heat energy required in the process is only half the 
theoretical heat required in the blast furnace. This immediately raises 
the question: What is the theoretical fuel requirement in the blast 
furnace? Again, in the presentation of the paper it was stated that less 
carbon is required to reduce iron ore with carbon directly,” as it was 
expressed, than with carbon monoxide. These statements may be 
seriously questioned. 

The latter statement seems to be based solely on the chemical equa- 
tions on the first page of the paper; it may be pointed out that these 
equations take no account of the heat relations. According to Richards, 
the dissociation of hematite involves an absorption of 1746 calories per 
unit of iron. If the reduction takes place with conversion of solid carbon 
to CO 2 , the oxidation of 0.16 units of carbon per unit of iron supplies 1296 
calories, leaving 450 calories per unit of iron to be otherwise supplied. 
The deficit of heat per pound iron is equivalent to 0.18 lb. carbon with 
cold air, or 0.14 lb. carbon with the usual hot blast, burning to CO under 
blast-furnace conditions. 

On the other hand, the reduction of hematite by CO with formation of 
CO 2 , although it requires 0.32 lb. carbon as CO, is exothermic, the oxida- 
tion heat being 1814 calories against 1746 calories absorbed. If the CO 
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is formed from cold air, the heat developed thereby is 777 calories per unit 
of iron; and with hot blast, 1024 calories, this heat of CO formation being 
available for melting iron and slag, calcining limestone, etc. With a 
usual slag ratio of 50 and 45 per cent, stone, the purely heating work may 
be estimated at about 800 calories per unit iron, and it appears that the 
heat of formation of the CO required for reduction is equal to the heat 
absorbed in the work other than reduction. From a broad point of view, 
therefore, it appears that the theoretical fuel requirement in the blast 
furnace may be taken to be about lb. of carbon per pound of iron, 
assuming reduction by CO and about twice this figure if reduction is to 
be effected by the so-called ^Mirect’’ oxidation of carbon to CO 2 . 

Ralph H. Sweetser,* Columbus, Ohio. — I agree with the statement 
that it is a waste to use fuel to put carbon into pig iron, and then use more 
fuel in the open hearth to take the carbon out. There has been no 
authoritative statement as to how much fuel it takes to make a ton of pig 
iron, nor as to how much carbon there should be in pig iron. 

No one has yet given a satisfactory answer to the question, how much 
carbon do open-hearth men want in the pig iron used in making open- 
hearth steel? If an open-hearth man is asked how much carbon he wants, 
he will say, ^'The usual amount.^^ He will tell you exactly how much 
silicon, phosphorus, and manganese he wants and he will say that he 
does not want any sulfur at all; but he does not seem to know how much 
carbon he wants. 

C. H. Herty, jR.,t Lackawanna, N. Y. — The amount of carbon an 
open-hearth man wants in the pig iron depends on three or four factors. 
First, the ratio of scrap to pig he is going to use; second, the amount of 
silicon, phosphorus, and sulfur in pig iron along with the carbon. For 
instance, with very little silicon and high phosphorus and high sulfur, 
high carbon is desired because when the pig melts down the silicon is 
taken out of it. If the pig is low in carbon, the phosphorus may not 
be removed because the excess iron oxide over that required to take care 
of the silicon is going to attack carbon, and you are going to melt low in 
carbon. On the other hand, with high silicon and low phosphorus and 
low sulfur, the pig iron can have much lower carbon; silicon takes 
most of the iron oxide and the low phosphorus and low sulfur do not 
need it for their elimination. The impurities in the pig iron and the 
type of process being worked as much as anything must also be taken 
into consideration. 

Ralph H. Sweetser. — With high sulfur and low phosphorus you do 
not want much carbon. 

* Assistant to Vice-president, American Rolling Mill Co. 
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C. H. Herty, Jr. — For a given silicon content of the iron, with high 
sulfur and high phosphorus you want high carbon; with low sulfur and 
low phosphorus, just the opposite. With either one low and the other 
high, you want to strike a mean between low and high carbon. 

H. Kamura (author’s reply to discussion). — As to the statement of Mr. 
Joseph concerning the effect of the size of ore on the rate of reduction, I 
would say that there should be a marked difference in the rate if you com- 
pare the rate between fines and lumps; but in the case of small differences 
in size, as between 30 and 40 meshes per linear inch, the size of the ore 
particles will have very little effect on the rate of reduction. Of course, 
it is necessary in this comparison to use the same volume of the gas for 
reduction per unit weight of iron content in the ore. 

As to the theoretical fuel requirement in the blast furnace; that is, 
the theoretical amount of heat required in the blast furnace, I would 
say there is no definite amount of heat required per ton of pig iron pro- 
duced. The amount is dependent solely on the condition of the blast 
furnace itself; viz.^ composition of the ore used, composition of pig iron 
made, and all the conditions of working, etc. But we can say, in the 
usual working of the modern blast furnace using the ores that contains 
about 50 per cent, of Fe, the heat value in the fuel charged in the furnace 
will run from 3,300,000 to 3,500,000 calories per metric ton of pig iron, 
according to the heat balance of the blast furnace. From this basis, 
the theoretical requirement of heat in the process that I have calculated 
will be about half the heat required in the blast furnace. I admit that 
the amount of carbon required to reduce iron oxide with carbon ^'directly” 
will be less than with carbon monoxide, not only as based on the chemical 
equations but as based on the heat relations in two thermal equations : 

I. Reduction with carbon, 

2 Fe 203 + 3C = 4Fe + 3 CO 2 —450 cal. per kg. of iron 

-391,200 -291,600 

-99,600 

This 450 cal. deficit corresponds to 0.055 kg. of carbon to burn CO 2 . 
Assuming that the iron is reduced by the above equation, the theoretical 
amount of carbon required for reduction will be, 

0.16 + 0.055 = 0.215 kg. of carbon per kg. of iron. 

2. Reduction with carbon monoxide. 

Fe 203 + SCO = 2Fe + 3 CO 2 —76 cal. per kg. of iron. 

-195,600 -204,120 

I 8,520 1 

This development of heat is equivalent to 0.013 kg. of carbon in CO 
to form CO 2 , so that, in this case, the weight of carbon required 0.320 — 
0.013 = 0.307 kg. of carbon per kg. of iron. It does not matter whether 
the heat developed to form CO is utilized or not. 
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Austenite and Austenitic Steels* 

By John A. Mathews,! Ph.D., Sc.D., New York, N. Y. 

It is a great honor to be asked by the Board of Directors of this 
Institute to deliver the Henry Marion Howe lecture. The invitation 
carries with it a great responsibility, which I accept with considerable 
hesitation and with a feeling of unworthiness to perform the duties 
expected of me in this hour devoted to the memory of the life, character, 
and work of the late Professor Howe. Many of you recall the scholarly 
address delivered here a year ago by Prof. Albert Sauveur, and the 
beautiful tribute he paid to his friend and colleague of many years in the 
great work of changing the art of iron making into the science of iron. 

My association with Professor Howe was of brief duration — only 
one year — and the relation was that of pupil to teacher. My feeling 
toward him in later years was always that of a humble disciple at the 
feet of a master. He attained his third academic degree in the year that 
I was born. I recall the pride I felt when, after entering the steel 
industry, I received from him, from time to time, letters asking for infor- 
mation or, perchance, asking my opinion, and he was always most 
punctilious in acknowledging the source of such bits of information in 
his writings. 

It was also my good fortune to sit at the feet of another great teacher — 
Sir William Roberts-Austen, at the Royal School of Mines. I mention 
him because his name was used by Osmond in coining the word aus- 
tenite,^' which is the subject of this address, and Osmond's suggestion 
was heartily approved by Howe. These three international metallurgists 
were the best of friends and delighted to honor the achievements of one 
another. There are other reasons for mentioning Roberts-Austen at 
this time. It was an introduction from Howe that opened to me the 
door of his laboratory as well as of his heart. It was while at Roberts- 
Austen's laboratory that I worked side by side with William Campbell 

* Second Annual Henry Marion Howe Memorial Lecture, delivered at the New 
York Meeting of the American Institute of Mining and Metallurgical Engineers, 
February 16, 1925. 
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for a year and I have always taken credit for having stimulated his 
interest in Howe and of interesting Howe in Campbell, with the result 
that Campbell entered Columbia University in 1901 and now has the 
honor of filling the Henry M. Howe Professorship of Metallurgy, a chair 
named in honor of his illustrious predecessor. 

When a student under both Roberts-Austen and Howe, I frequently 
felt that I was not receiving enough of their personal time and attention; 
in fact, I felt that they neglected me. But on looking back twenty-five 
years I realize that it was inspiration and not information that I received 
from my contacts with them — not so much from routine lectures as from 
personal observation of the men and their methods, their personalities and 
ideals. They made a lasting impression upon me and influenced my life 
and activities more than any other teachers during my years of collegiate 
and university training. 


Part I. Austenitic Steels 

One of the earliest of all commercial alloy steels was Hadfield^s 
manganese steel; this steel is a typical austenitic steel. It early attracted 
the attention of Professor Howe and he was for many years interested in 
it, both scientifically and commercially. Several of his scientific papers 
deal with it and he took out a patent in connection with its manufacture. 
The anomalous properties of this steel attracted wide attention for many 
years after its discovery and it furnished a fruitful field for investigation 
before its constitution was understood. It is not my intention to discuss 
this important industrial product on this occasion, but merely to refer 
to Howe’s connection with both its manufacture and investigation. His 
nephew, John Howe Hall, has recently written an interesting and instruc- 
tive paper on the subject of manganese steel, to which you are referred.^ 

All enlightened, tool-using people, with a smattering of technical or 
mechanical training, have some definite ideas about steel and some knowl- 
edge of its properties. They know it is a heavy metal and that it rusts; 
that it is attracted by the magnet; that it is capable of greatly increased 
hardness by plunging into water at a red heat; that overheating causes 
heavy scaling and cracking upon quenching. They know that in the 
hardened state it becomes permanently magnetized. Every schoolboy 
likes to have his knife blade magnetized. In days when men shaved with 
old-fashioned straight-edged razors, they took great pride in their keen 
edges. They were as proud of their razors as were the knights of old of 
their trusty swords. Imagine anyone waxing enthusiastic over an 
evanescent safety blade — here today and gone tomorrow. 


1 John H. Hall and G. R. Hanks: Composition and Physical Properties of Cast 
12 Per Cent. Manganese Steel. Proc, A. S. T. M. (1924) 24 , 626. 
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Robert Hooke, the discoverer of Hooke’s Law and an early Secretary of 
the Royal Society, was the first to attempt to picture what the microscope 
revealed; at least as regards steel. He published his Micrographia in 
1665 and the book is filled with beautiful engravings of natural history 
or biological objects, with the exception of one of the first illustrations. 
Hooke could not resist the temptation to show the public what a razor 
edge looks like under magnification. A copy of this book is one of my 
prized possessions. 

Most of this fundamental information about steel is of great antiquity 
as shown by classic writers. In short, the public — past and present — 
knew or knows something of alpha-iron metallurgy. The public does not 
appreciate that there are many steel alloys which do not rust and, in fact, 
will resist many of the strongest acids, weak or strong solutions, and hot 
or cold. Many of these alloy steels are totally non-magnetic; they are 
greatly softened by quenching and are almost incapable of overheating 
short of fusion. They are not subject to heavy scaling and many of them 
will withstand 2000° F. for a long period in an oxidizing atmosphere. 
Ordinary steel is embrittled at low temperatures but some of these prod- 
ucts become increasingly more resistant to shock as the temperature 
decreases, as shown by Langenberg’s exhaustive investigations at 
temperatures as low as —80° F. We have immersed some of these 
alloys in liquid air and, after 15 min. refrigeration, found them to flow 
readily under hammering and to stand a flat cold bend. 

This is not general knowledge; in fact, it is not widely known to steel 
metallurgists and engineers. It is gamma-iron metallurgy. The very 
great industrial usefulness of alloys possessing such remarkable properties 
seems to warrant some consideration of their physical properties and 
structures. Gamma-iron metallurgy is in the making. We shall know 
better how to use these steels when we understand their metallurgy and 
properties. I hope my contribution may arouse a more general interest 
in them and more particularly in a study of gamma iron. They have 
had much attention in certain directions for almost a generation but they 
cannot be said to be generally understood or appreciated from an engi- 
neering point of view. 

The steels to which I particularly refer include, first, the very high 
nickel steels, sometimes called ferro-nickels, containing from 25 per cent, 
of nickel upward. They have been most studied by Guillaume and other 
French metallurgists. While they possess considerable resistance to 
corrosion and have been used for non-corrosive requirements, their most 
interesting physical properties are those due to various coefficients of 
expansion from almost zero to values duplicating those of platinum, glass, 
etc. The use of these as boiler tubes was extensively investigated over 
20 years ago. 
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Second, the high-chromium steels, which are due principally to the 
investigations of Brearley, Haynes and Becket. The ones that have 
found industrial application vary from 8 to 30 per cent. The group from 
20 to 30 per cent, has been described by MacQuigg^ before this Institute, 
and also before the American Society of Testing Materials.® We also 
recall Monypenny^s^ paper on stainless iron, delivered here a year ago. 

Third, the high-chromium nickel steels, particularly those of B. 
Strauss, in which the chromium is usually much higher than the nickel. 
They were described by him in a paper before the American Society for 
Testing Materials in 1924. 

Fourth, the high-chromium nickel steels, in which nickel is usually 
higher than the chromium and to which a substantial amount of silicon is 
added, say from 2 to per cent. Considering the low atomic weight 
of silicon, this is a very high addition, when atomic concentration is 
considered. This group is due to C. M. Johnson,^ and were described by 
him in 1921. 

It seemed to me that a comparison of the physical properties of a 
series of steels varying between 30 per cent, nickel and 30 per cent, 
chromium might be interesting and enlightening. In the chromium- 
nickel members of this series, the total of these two elements is approxi- 
mately 30 per cent. The steels referred to are given in Table 1. 


Table 1 



Carbon, 

Chromium, 

Nickel, 

Silicon, 

Manganese, 

Mark 

Pbr Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

Per Cent. 

C-30-0 

0,30 

29.77 


0.67 

0.56 

C-25-0 

0.33 

24.58 


0.63 

0.30 

CN-21-7 

0.32 

20.73 

7.04 

0.65 

0.27 

CN-15-15 

0 39 

15.35 

15.60 

2.26 

0.82 

CN-7-22 

0.41 

7.29 

22.60 

1.84 

0.80 

N-0-28 

0.43 


28.28 

0.25 

0.73 

N-0-30 

0.12 


30.25 

0.14 

0.37 


It will be noted that the scheme of marking gives an approximate 
idea of composition. Two plain chromium steels are included and for 
the first of these I am indebted to F. M. Becket. They are so nearly alike 
except for chromium content that their differences due to that element 
may be closely studied. The two high-nickel steels were included to show 
something of the influence of carbon in high-nickel steels. Most com- 


2C. E. MacQuigg: Some Commercial Alloys of Iron, Chromium and Carbon in 
the Higher Chromium Ranges. Trans. (1923) 69 , 831. 

3 C. E. MacQuigg: Some Engineering Applications of High Chromium-iron 
Alloy. Proc. A. S. T. M. (1924) 24 , 373. 

^ J. H. G. Monypenny: Stainless Steel, with Particular Reference to the Milder 
Varieties. Trans. (1924) 70 , 47. 

®C. M. Johnson: Properties and Microstructure of Heat-treated Non-magnetic, 
Flame-, Acids-, and Rust-resisting Steel. Trans. A. S. S. T. (1920), 1 , 554. 
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plete tests, however, were made on the five intermediate members 
of the series. 

This interesting group of alloys, all of which represent commercial 
types of steel, are usually considered as austenitic in character. How- 
ever, only the three chrome-nickel steels belong strictly to that category. 
This series of steels was subjected to various physical tests, to be described 
later, including Rockwell and Brinell hardness, specific resistance, mag- 
netic, thermal-expansion and microscopic. They were also tested for 
resistance to oxidation or scaling at high temperatures. The types they 
individually represent have been exhaustively studied as to corrosion by 
the author and others, and this feature will not be emphasized here. 

The tests were made in the natural, or as-rolled, condition; after 
normalizing at 1600° F., holding at heat for 5 min. followed by natural 
cooling in air; after annealing between 1350° and 1400° F., holding at 
temperature for 2 hr., followed by very slow cooling at about the rate of 
50° F. in 2 hr.; after quenching in oil from a temperature of 2200° F., 
after holding at heat for 5 min., and, finally, after such quenching they 
were reheated or drawn at 1400° F. Other hardening and drawing 
temperatures were also tried, such as 1600° and 1900° F. quenching and 
500°, 800°, and 1100° F. drawing, but these revealed nothing of special 
interest and will be omitted. It is interesting to note that the highest 
quenching temperature in no case produced cracking and in this they are 
decidedly different from ordinary steels quenched at such a temperature. 
The reason for selecting 2200° F. was to give the greatest opportunity for 
the solution of carbides or other compounds and to insure the greatest 
possibility of producing fully austenized steels. 

Hardness 

Only a small amount of the C-30-0 steel was available and hardness 
tests were not made on it. Steel C-25-0 is the only one of the series which 
showed any capacity at all for hardening by quenching, and it increased 
only from 187 Brinell, natural, to 207, quenched. Taking the series as a 
whole C-21-7 was hardest in all conditions and its natural hardness of 
302 was not lessened by normalizing or annealing. All the steels, except 
C-25-0, were materially softened by quenching and all of them, without 
exception, showed slightly greater Brinell hardness after quenching and 
drawing at 1400° F. than in the as-quenched state. The three quarter- 
nary alloys are naturally harder than the ternary ones. The Rockwell 
hardness tests check the Brinell tests with a few exceptions and the details 
of all hardness tests are given in Table 2. 

While these alloys do not harden greatly by quenching and more fre- 
quently are softened by this treatment, it must not be supposed that the 
influence of carbon is negligible. Increasing the carbon increases the 
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hardness in the natural state and raises the tensile strength and yield 
point and reduces the elongation and reduction. It also makes them 
harder and more difficult to forge at high temperatures. 

All of these steels may be forged, rolled, cold drawn, or cold rolled; 
they are suitable for cold forming operations and may also be drop forged 
in dies. The available range of heating is somewhat narrow and must be 
controlled closely in hot working. Being fairly hard at a red-heat, they 
do not flow as readily in forging as ordinary carbon or alloy steels. 


Table 2. — Hardness and Specific Resistance 


Mark 

030-0 

1 

C-25-0 

CN-21-7 

CN-15-15 

CN-7-22 

N-0-28 

N-0-30 

Carbon, per cent 

0.30 

0.33 

1 

0.32 

0.39 

0.41 

0.43 

0.12 

Chromium, per cent 

29.77 

24.58 

1 20.73 

15.35 

7.29 



Nickel, per cent 1 

1 

1 


7.04 

15.60 

22 60 

28.28 

30.25 

Brinell, as rolled 


187 

302 

235 

228 

174 

143 

Normalized at 1600° F 


183 

302 

207 

166 

153 

112 

Annealed at 1400° F 


179 

302 

196 

163 

131 

114 

Quenched at 2200° F. in oil . 


207 

234 

192 

163 

140 

114 

Quenched and drawn at 1400° F. 


212 1 

286 1 

196 

179 

149 

118 

Rockwell (B scale) as rolled 


91 1 

104 

99 

98 

84 

77 

Normalized 


89 

104 

94 

84 

73 

61 

Annealed 


89 

105 

90 

84 

70 

63 

Quenched 


96 

98 

93 

87 

71 

61 

Quenched and drawn 


96 

100 

90 

88 

73 

66 

Specific resistance (micro-ohms 








per c c.) as rolled 

69.4 

68.5 

77.6 

91.1 

92.7 

86 

85 

Normalized ’ 

69.4 

68.5 

76.4 , 

91.1 

92.7 

86 

85 

Annealed ' 


68.5 

75.2 

89.9 

92.7 

86 

85 

Quenched j 

71.9 

72.1 

76.9 

•93.0 

94.9 

88.4 

86 

Quenched and drawn ! 

70.5 

1 69.7 

76.9 

91.3 

93.3 

86.2 

83.8 


Specific Resistance 

Specific resistance is also included in Table 2 and is reported in terms 
of micro-ohms per cubic centimeter at 100° F. In general, the small 
changes for the widely different heat treatments are noteworthy. As 
between the two chrome steels, C-30-0 is but slightly higher in all condi- 
tions, except as quenched, notwithstanding it contains 5 per cent, more 
chromium, presumably in solution as chrome-ferrite. In explanation, 
we would suggest that chrome-ferrite is a very poor solvent for carbides, 
whether simple or complex, and for this reason in the two steels, as 
quenched, we find a slightly higher resistivity in the lower alloy, indicating 
that the carbides have gone into solution more fully; and after tempering 
a greater precipitation has occurred in this steel, again reducing its 
resistance below that of C-30-0. 

The resistance of the chrome-nickel steels is notably higher than that 
of the chromium steels, but in the case of CN-15-15 and CN-7-22^this is 
doubtless due to their high-silicon content. These materials would 




574 AUSTENITE AND AUSTENITIC STEELS 

appear to be excellent resistance alloys. Steels of the type N-0-30 have 
b^n used for many years for this purpose but they are considerably 
lower in resistance than two of the chrome-nickel series. It will be noted 
that N-0-28 is slightly more resistant than N-0-30, indicating that the 
difference in carbon more than offsets the 2 per cent, difference in nickel. 


Magnetic Properties 

This portion of the test is considerably simplified by the fact that the 
three chrome-nickel members have no magnetic properties. They are 
practically non-magnetic in every condition of heat treatment. CN- IS- 
IS was further tested to see if it became magnetic by stressing beyond its 
3 deld point; the result was negative. 

As to the magnetic test of the ternary members of the series, we see 
some very interesting things. The chromium members, which contain 
25 to 30 per cent, of non-magnetic chromium, show a much higher 
induction than the nickel steels containing 28 to 30 per cent, of magnetic 
nickel. Considering the high induction of the chrome steels, we must 
admit the presence of much alpha iron, even in the quenched state, yet 
the permeability and residual density are quite low after quenching, 
indicating a fairly successful effort at bringing about the austenitic 
state by a drastic cooling from a high temperature. While it appears 
that the coercive force has been increased by drawing the temper to 
1400° F., if we consider the ratio of Br to He, we will see that the steel 
C-25-0 has really been magnetically softened by this treatment. 


Table 3. — Magnetic Properties 


Mark 

’ C-30-0 

1 C-25-0 i 

1 CN- 21 - 7 ' CN-15-15 CN-7-22 

N-0-28 

1 

N-0-30 

B max. (H-150) (maximum in- 



i 

1 

duotion) as rolled 

9,000 

12,450 

Practically non-magnetic 

1 3,150 

4,650 

Normalized at 1600° F 


12,750 

! 1 2,250 

1 3,750 

Annealed at 1400° F 


12,750 

; : 1,200 

4,800 

Quenched at 2200° F 

10,650 

5,550 

' 2,100 

4,200 

Quenched and drawn at 1400° F 

12,000 

12,450 

i 1 1,200 

4,800 

B res. (residual density) as rolled 

2,610 

5,620 


850 

1,230 

Normalized 

3,300 

4,370 


113 

447 

Annealed 


5,420 


0 

1,010 

Quenched 

2,850 

728 


113 

624 

Quenched and drawn 

4,540 

5,720 


0 

964 

H coer. (coercive force) as rolled 

2.35 

4.6 


1 35 

1.5 

Normalized 

2.45 

5.4 ! 


1 

1 

Annealed 


4.6 


0 

1 

Quenched 

6.3 

8.2 


1 

1 

Quenched and drawn 

5.75 

11.4 


0 

1 

ft max. {permeability) as rolled. 

595 

546 


565 

497 

Normalized 

683 

479 


510 

559 

Annealed 


664 


85 

840 

Quenched 

238 

68 


283 

565 

Quenched and drawn 

404 

312 


85 

796 
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The low induction of the nickel steels would seem to indicate a 
considerable amount of gamma iron in all conditions and it is interesting 
to note that in N-0-28 the minimum induction (B) results either from 
'annealing or by drawing after quenching, while in N-0-30 the maximum 
induction results from these treatments. The residual induction and 
coercive force are very low or lacking in both steels, yet in low fields for 
most conditions of treatment they show a fairly high permeability. The 
details are set forth in Table 3. 

Coefficient of Expansion 

Through the cooperation of the Bureau of Standards and its generous 
assistance in pushing through the testing of these alloy steels, I am able 
to present data on the coefficient of expansion that might not have been 
available at this time except for this assistance in the preparation for 
this occasion. Five alloys were tested in each of two conditions: (a) 
as normalized at 1600° F. and (6) after water quenching from 2000° F. 
The results are shown in Table 4. 


Table 4. — Average Coefficient of Expansion per Degree C, 


C-25-0, normalized 

C-25-0, quenched 

20® TO 200° C. 

0.0000164 

0 0000165 

20° TO 400° C. 

0.0000172 

0.0000172 

20° TO 600° C. 

0.0000176 

0.0000177 

CN-21-7, normalized 

CN-21-7, quenched 

0.0000103 

0.0000117 

0.0000110 

0.0000124 

0.0000114 

0.0000122 

CN-15-15, normalized 

CN-15-15, quenched 

0.0000163 

0 0000164 

0.0000172 

0.0000175 

0.0000176 

0.0000178 

CN-7-22, normalized 

CN-7-22, quenched 

0.0000176 

0.0000177 

0.0000180 

0.0000181 

0.0000182 

0.0000182 

N-0-28, normalized 

N-0-28, quenched 

0.0000138 

0.0000138 

0.0000161 

0.0000161 

0.0000163 

0.0000165 


It will be noticed that CN-21-7, which was the only steel that showed 
any capacity at all for hardening by quenching, shows greatest differences 
between the normalized and quenched states for the various ranges. The 
steel N-0-28 shows greatest increase in expansion over the three ranges. 

Microscopic 

This series of alloys was examined microscopically in the normalized 
and quenched states. I will only give a general r6sum4 of this exami- 
nation. Passing from the chromium end toward the nickel end, it is 
seen that grain size increases and also grain growth at high temperatures. 
The presence of carbides decreases as the chromium decreases and in 
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Fig. 1. — Ingot stkucture. showing marked dendritic pattern. X300 



Fig. 2. — Forged bar prom ingot shown in Fig. 1; it has had a low temper- 
ature annealing and was quenched from 950° F. ; the dendritic structure is 
GONE. X 300. 
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Fig. 4. — Same bar after it had been held at 2300° F. for 5 min. and quenched; 

NOTE RETURN OF SHADOWY DENDRITIC PATTERN PASSING THROUGH GRAIN BOUNDARIES. 

X 300. 


VOL. LXXI. — 37 
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C-25-0 and CN-22-7 these carbides appear largely at the grain boundaries 
and to some extent in streaks, passing through several grains. The 
polygonal grains are of more irregular formation in these steels and tend 
to become angular at the nickel end of the series. I am not certain that 
any true carbides are visible in the high-nickel steels. This is worthy of 
note, that nickel which has little affinity for carbon, which tends to pre- 
cipitate it as graphite in high-carbon steels and to a certain extent retards 
carburizing processes in the ordinary 33^^ and 5 per cent, nickel steels, 
seems to carry all its carbon in solution when present in high amounts. 
Chromium, on the other hand, has a great avidity for carbon and forms 
one or more simple or complex carbides; it prevents the precipitation of 
graphite and facilitates carburizing, yet large percentages seem to form 



carbides so far as possible and the excess forms a solid solution of chrome- 
ferrite in which the carbides are very insoluble even at high temperatures. 
These steels, being naturally non-corrosive, are difficult to etch, and 
aqua regia is, in general, the most suitable reagent, although acid ferric 
chloride and Kourbatoff's solution work well with some of them. 

I am not going to show the ordinary photomicrographs but have two 
series to present. First, there are four views to illustrate the persistence 
of the dendritic pattern; these are by C. M. Johnson and represent a steel 
similar to CN-15-15, but not the actual steel referred to in Tables 1, 2, 
and 3, 

I referred earlier in this address to the anomalous behavior of these 
austenitic steels upon quenching. The curves, Fig. 5, represent the results 
of quenching in oil from ascending temperatures, from 1400° F. to 2500° F. 
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Elongation and reduction constantly increase until they reach very high 
values. Ultimate strength, yield point and hardness decrease. These 
steels were not reheated after hardening. Impact tests were not shown 
because they were not made with the standard test piece; however, with 
a light Izod machine and very deeply notched specimens, they ‘showed 



Fig. 6. — CN-7-22 type, annealed; shows several crystals and single and 

MULTIPLE TWINNING, WHICH IS QUITE CHARACTERISTIC OF AUSTENITIC STEELS OP 
CHROMIUM-NICKEL SERIES. X 2400. 

increasing values with ascending quenching temperatures from 19 to 53 
ft.-lb., at which load they bent only and did not break. 

It is a great pleasure and privilege to show some illustrations made for 
this occasion by Francis F. Lucas® to whom was recently awarded by the 

•F. F. Lucas: The Microstructure of Austenite and Martensite. Trans. 
A. S. 8. T. (1924) 8, 669. 
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American Society for Steel Treating the Henry M. Howe medal in recog- 
nition of his notable achievements in metallography. Most of you have 
seen the results of his splendid work and wonderful technique on other 
occasions. I doubt, however, whether any of you ever saw some of the 
remarkable structures here presented. I will not attempt to interpret 
them but would welcome interpretation from others better able to do so. 
They will make us appreciate what a vast new field has been opened to 



ATIONS VEBTICAL TO GEAIN BOUNDABIES. X 6000. 

us for investigation and what results may be attained when the methods 
of Mr. Lucas become generally available. 

» It has been my endeavor to present what we may call a cross-section 
of the field in which we find those steels of maximum general resistance to 
corrosion, maximum physical properties at actual high temperatures, and 
maximum resistance to scaling at elevated temperatures. The quarter- 
nary alloys offer greater resistance to a wider list of corrosive agents t-V^n n 
do the ternary alloys. The latter show good resistance to a more limited 
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list of chemicals. As to resistance to oxidation at high temperatures, the 
plain chromium steels are very good and the nickel steels are quite inferior 
by comparison, but for actual high strength at high temperatures and for 
resistance to oxidation as well, the quarternary chrome-nickels stand 
alone, particularly when high silicon is present. 

The steels used for these tests were not chosen because they repre- 
sented the maximum qualities obtainable in any particular; many possible 



Fig, 8. — Same steel more deeply etched and showing a plateau effect at 
GRAIN boundary, WHICH SEEMS TO BE SERRATED AND CRYSTALLINE. X 6000. 


variations may be made to produce particular results for a particular use. 
In this subject the art has preceded the science by a long distance and 
truly remarkable results have been obtained in many industrial appli- 
cations by the cut-and-try method but our experience is now so broad 
that some generalizations are possible and some predictions may be made 
under known conditions of use, but that is another story which we will 
not consider at this time. 
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Part II. Austenite 

Having described some of the unique physical characteristics of a 
group of alloys that are of great interest to the chemical, mining, and 
engineering professions because of those properties, I should like to discuss 
austenite itself, rather than austenitic steels for the few minutes remain- 



Fig. 9. — Same steel, after quenching at 2400® F. in water, showing grain 
boundaries; main crystals are but slightly etched and reveal no internal 
structure. X 2400. 


ing. It might be in order first to consider the definition of austenite. 
The latest authoritative definition is perhaps that of Jeffries and Archer:^ 

A solid solution of carbon in gamma iron. The iron atoms have face-centered 
cubic arrangement. The carbon is atomically dispersed. The carbon atoms may be 
substituted for some of the iron atoms in the face-centered lattice, or more probably 
occupy positions between the iron atoms. Austenite is relatively soft and ductile. 


^ Zay Jeffries and R. S. Archer: “The Science of Metals”, 443. McGraw-Hill Book 
Co., New York, 1924. 
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This definition differs from the older ones in that it adds the evidence 
of the x-ray. Most textbooks of metallography tell the student how he 
may prepare steel to show the ‘‘austenitic structure.” He is told to 
select a very high carbon sample, preferably high in manganese also, to 
heat it to 2000° F. and quench drastically in iced brine. After polishing 
and etching, he sees not austenite but a mixture of austenite and marten- 
site. From this experiment he gains a very strong and lasting impression 
that austenite is a very rare thing, and so it is in visible form. 



Fig. 10. — Stressed portion op tensile test piece; same treatment as in Fig. 9; 

NOTE elongation OF GRAINS AND SLIP LINES. X 175. 

A little later he may see a specimen of fully hardened high-speed 
steel. He sees distinct polygonal grains interspersed with carbides and is 
probably told that the grains or crystals are austenite. To be sure, the 
resemblance to the earlier specimen is not very striking, yet this particular 
structure is generally referred to as “austenitic.” However, if we accept 
the evidence of the magnetic test, we cannot conclude that this material 
is free from alpha iron. In fact, it shows a very strong magnetization 
considering that it is only about 75 per cent, iron to begin with. 

In a recent paper by Bain and Jeffries,® the authors present two dia- 
grams, based on the best existing evidence, showing the approximate 

* Edgar C. Bain and Zay Jeffries: Clause of Bed Hardness of High-speed Steel. 
The Iron Age (1923) 112 , 805. 
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constitution of high-speed steel (a) as fully hardened and drawn to various 
temperatures and (6) as hardened at various temperatures between 1200® 
and 2400® F. and not drawn. The relative proportions of austenite, 
martensite, and carbides are given. It occurred to me to plot on their 
diagram, the magnetic properties of a typical high-speed steel. The 
results are shown on Fig. 15. The sudden increase in magnetization (B) 
with the vanishing austenite component in the upper part and the 



Fig. 11. — Same as Fig. 10, showing slip lines and, in one case, twinning.'^ 

X 2400. 


equally striking increase in permanence as austenite increases due to 
ascending hardening temperatures is noteworthy confirmation of Bain and 
Jeffries’ work; this will be referred to again later. 

We are all familiar with the iron-carbon diagram and recall the areas 
marked '^austenite;” I fear it is sometimes overlooked that this is an 
^'equilibrium” diagram. Everylihing looks so nice and orderly in its 
own compartment that there is danger of trying to apply its lessons to 
metastable or unstable conditions, such as exist in hardened steel. We 
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like to think that quenching from a certain temperature produces marten- 
site, and tempering martensite produces troostite, and we have a mental 
picture of these changes proceeding in a perfectly orderly and circum- 
spect way. Recent work with the a^ray and the high-power microscope 
shows that these changes are not as orderly and complete as most hard- 
eners or steel treaters believe. Styri, Lucas, and others have shown free 
ferrite, martensite, and austenite existing in a hypereutectoid steel, with 



Fig. 12. — Same material and treatment; prolonged etching reveals curi- 
ous INTERTWINING FORMS WITHIN A SINGLE CRYSTAL AND CROSSING BOUNDARIES,* 
ETCHING IN RELIEF. X 3230. 


possibly a little troostite included for good measure; yet according to most 
of the instruction we have had that is impossible. 

I wish now to present the results of certain observations and experi- 
ments, and in what follows I shall proceed on three assumptions: 

First, that in all normally hardened medium- or high-carbon steels, 
and the usual engineering alloy steels, gamma iron, or austenite, is always 
present with the martensite. I think all of those who have studied the 
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Fig, 13. — A steel intermediate in composition between CN-21-7 and CN- 
15-15; brine quenched from 2200° F.; note great variety of grain sizes and 
THE FREQUENT TWINNING. X 175. 



Fig. 14. — Same as in Fig. 13; note curious saw-tooth boundaries, having rather 
A double-line appearance. X 3230. 
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Fig. 15. — Bain and Jeffries diagram vs. magnetic properties of high-speed 

STEEL. 



Fig. 16. — Effect of reheating in length change and magnetic properties of 

QUENCHED CHROME MAGNET STEEL M-31. 
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volume changes that hardened steels undergo by tempering will readily 
agree with this assumption. The work of Howard Scott,® M. A. Gross- 
mann^®, Heindlhofer and Wright^^ and others strongly point to the 
reasonableness of this view. 

Second, that in a wide variety of alloy steels, notably those capable 
of hardening readily in oil, there is more austenite retained after the oil 
quench than after the water quench, in normal hardening. This assump- 
tion will not be readily accepted; it is contrary to general opinion and 
belief. In the metallurgical literature there are many references and 
allusions to retained austenite but little attempt has been made, so far 



Fig. 17. — Effect of reheating on length change and magnetic properties 

OF QUENCHED CHROME MAGNET STEEL M-62. 

as I am aware, to estimate the amount so retained or its effect on hardened 
steel, nor have the conditions that promote or retard retention of gamma 
iron been extensively investigated. 

Third, that austenite is a cause of increased permanence or retentivity 
in commercial permanent magnet steels and in many other alloy steels 
not used for magnets. In the diagram showing the constitution and 
magnetic properties of high-speed steels, the relation between the increase 
or decrease in permanence (He) as the austenite increases or decreases, is 


Paper No. 395, Bur. of Stand. (1920). Sd. Paper No. 396, Bur. of Stand. 

(1920). 

Brittle Range in Low-alloy Steels. The Iron Age (1924) 114, 149. 

“ Density and X-ray Spectrum of Hardened Ball Steel. Trane, A. S. S. T. 
(1925) 7, 34. 
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very noticeable. Another general illustration that prompts this third 
assumption is the nature of the newly discovered cobalt magnet steels. 
These contain from 15 to 35 per cent, of cobalt, added to from 5 to 10 
per cent, of the ordinary constituents of permanent magnet steel — 



tungsten, molybdenum, chromium, and manganese. Such steels have 
strong austenitic characteristics and on overheating for hardening may 
become almost totally non-magnetic. One test showed only 160 gausses 
of retained magnetism after quenching from 2000® F. and 375 when 
quenched from 1900® F. instead of the customary 9000 to 11,000 of good 
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Fia. 20. — Magnet steel wateb quenched from 1525° F. X 2830. 
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magnet steel. A specimen immersed in liquid air had its residual magnet- 
ism increased nine times due to transformation of austenite into marten- 
site. It should be recalled that the cobalt steels excel only in high 
coercive force (He) and not in superior maximum or residual magnetism. 
Table 5 gives a comparison of residual magnetism (Br) and coercive force 
(He) of a few typical tests on cobalt, tungsten, and chrome magnet steels 
which illustrate this point. 


Table 5. — Comparison of Residual Magnetism and Coercive Force in 

Magnet Steels 



Type 

H 

Br 

He 

Cobalt No. 1 . . 


1500 

10,100 

237 

Cobalt No. 2 . . 


750 

8,850 

7,890 

155 

Cobalt No. 3 . . . 


7.50 

193 

Tungsten No. 1 
Tungsten No. 2 


. . 300 

10,300 

10,700 

71 


300 

66.5 

Chromium No. 

1 water quenclied . . 

300 

10,710 

60.0 

Chromium No. 

2 oil quenched 

300 

8,540 

64.5 


It will be observed that even when magnetized in a very strong field 
(H = 1500) the residual magnetism is not higher than the other steels, 
but that the coercive force is froni three to four times as great and, in 
my opinion, partly because of retained austenite. 

In 1914^2 I published the results of certain experiments made under 
my direction at the Halcomb Steel Co. The principal announcement 
was the discovery, made a few years earlier, that a large class of alloy 
steels show greater magnetic hardness when quenched in oil than when 
quenched in water. The general belief at that time was that the harder 
one could get a given steel the lower would be its induction and the higher 
its permanence. This is not the case with such engineering alloys as 
chrome-nickel, silico-manganese, 33-^ per cent, nickel, chrome-silico- 
manganese, and plain chromium steels. These steels quenched in oil 
show a much lower Brinell or Shore hardness than if quenched in water 
and yet are magnetically harder; i. e., more resistant to magnetizing and 
more permanent after magnetizing. 

I made no attempt to explain this but invited an explanation from 
anyone who could give it. In twelve years I have had none and, as the 
problem is still awaiting solution, I have attempted to answer my own 
inquiry. One method of attack was suggested by the work of M. A. 
Grossmann.^^ In 1921, the writer called attention to the shock brittle- 
ness exhibited by many alloys after quenching and drawing to about 

J. A. Mathews: The Magnetic Habits of Alloy Steels. Proc, A. S. T. M. 
(1914) 14 . 

13 Op. cit. 
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600® F. This applies to chrome-nickel, chrome-molybdenum, and prob- 
ably other high tensile engineering steels. In the Izod test, they fre- 
quently show less resistance to shock after tempering at 600° than after 
no tempering at all. Grossmann sought an explanation of this phenom- 
enon by the method of observing the volume changes, or rather length 
changes, induced in these steels at various drawing temperatures and 
discovered that the point of greatest shock brittleness seems to coincide 
with the drawing temperature which produces a quite sudden expansion 
in the steels, believed to be due to the tempering of austenite. It was 
decided to apply this method along with magnetic tests to chromium 
steels known to be magnetically hardest after oil hardening. Two steels 
were chosen as follows: 



M-31 

M-62 

Carbon, per cent 

0.84 

0.91 

Silicon, per cent 

0.20 

0.25 

Manganese, per cent 

0.47 

0.34 

Chromium, per cent 

2.96 

2.16 


Test'specimens in. round were prepared and hardened at 1500° F. 
in water and 1525° F. in oil, and the temper was drawn at 100° intervals 
from 200° to 700° F., holding at temperature 3^ hr. Later, the volume 
changes were repeated hardening both steels in both oil and water from 
1525° F. 

Figs. 16 and 17 show the results of both the length changes and 
the corresponding magnetic properties. The shrinkage that first takes 
place is due to tempering of martensite and the formation and precipi- 
tation of carbides. The expansion that begins at 400° F. is due to the 
austenite-martensite transformation. It will be noticed that the 
shrinkage in both cases is greatest in the water-hardened steel and 
the expansion is greatest in the oil-hardened steel, seemingly indicating 
varying proportions of martensite and austenite present. The magnetic 
properties closely follow the volume changes and, in several places on the 
diagrams, the greater change of slope in the oil-hardened steel as com- 
pared with the water-hardened strikingly follows the length changes and, 
in my opinion, strongly supports the view that more austenite is present 
after oil quenching. 

It is known that hardened steel is lighter than annealed steel; in fact, 
martensite is the lightest, that is, the most voluminous condition of steel. 
A hardening that produces the lowest specific gravity (greatest volume) 
may be considered as the most complete martensitization possible for 
that steel. A hardened steel of greater specific gravity (smaller volume) 
must indicate retained austenite or that the hardening has gone beyond 
the martensite stage toward troostite or pearlite. In order to check up 
on this point, specific-gravity determinations were made not only on the 
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two chromium steels referred to above, but also on a low chrome-timgsten 
steel, a chrome-nickel steel, and a 5 per cent, tungsten steel; in every 
instance the water-hardening produced the lower specific gravity indicat- 


ing more martensite. 

The results are as follows: 



Oil 

Water 


Quenched 

Quenched 

M-62 No. 1 

7.8548 

7.8416 

M-62 No. 2 

7.7996 

7.7861 

M.31 

7.8371 

7.8302 

5 per cent, tungsten 

8.1292 

8.1015 

Chrome-nickel 

7.8255 

7.8177 

Chrome-tungsten 

7.8755 

7.8580 


These differences suggest retained austenite in greater amount in 
the oil-hardened steels but I believe there is some austenite or gamma 
iron in both cases, as the expansion on tempering above 400*^ F. would 
indicate. It should not be assumed, however, that this is a fixed temper- 
ature for all steels; e. g. the austenite-martensite transformation begins 
at about 1000° F. in hardened high-speed steel. 

In 1922, Tokujiro Matsushita^^ published an article On the Magnetic 
Hardness of Quenched Steels. The author used the coercive force (He) 
as a criterion of hardness and established various relationships regarding 
effect of carbon, temperature of quenching, quenching media, etc. He 
did not attempt to correlate magnetic hardness and physical hardness as 
measured by the Brinell, Shore, or other methods and most of his work 
refers to a variable carbon series of steels. In regard to alloy steels, he 
says: ^Hn alloy steels, which contain a considerable amount of special 
elements, the velocity of the Ai transformation is very small; hence if the 
rate of cooling is large, the transformation austenite to martensite is 
greatly hindered, so that a part or a greater part of the material remains 
at the ordinary temperature in the form of austenite. Hence, the 
magnetic hardness must be smaller in the case of water quenching than 
in that of oil quenching/^ 

Matsushita also explains the decrease of magnetic hardness (He) 
in carbon steels hardened at too high a temperature as due to untrans- 
formed austenite. He illustrates the effect of oil quenching by two 
examples — one a tungsten steel and the other a chrome-nickel steel. It 
will be noted that his explanation of the effect of oil-hardening on alloy 
steels is the generally accepted one and diametrically opposed to my 
view. However, as has been shown, both types of steels he selected for 
illustration show a lower specific gravity in water than in oil, indicating 
more, not less, martensite. Further, if he had determined maximum and 
residual induction and not merely coercive force, he would have found 
the steels which, according to his views, contain most austenite and least 

ReportSf Sendai, Japan. (1922) 11, 471. 
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alpha iron, were most highly magnetic, as the writer fully described 
twelve years ago. 

In passing, let me say the coercive force is a very deceptive criterion 
of hardness; that is, physical hardness. The writer cited an example 
showing this in the work previously referred to. A certain steel, on oil 
quenching, showed Brinell 570, Shore 71; and the same steel by water 
quenching and drawing at 600° F. showed Brinell 567 and Shore 70 — 
certainly a very close agreement in hardness as ordinarily tested — but 
the coercive forces were respectively 52.5 and 23.0, while the maximum 
inductions were equally divergent — 13,060 and 19,600 respectively. 
It therefore appears that for a given steel the way a certain hardness is 
produced has an important bearing upon the accompanying mag- 
netic properties. 

Another peculiarity of the magnetic hardness of a given steel is that 
it appears to increase with increases of size, within certain limits. This 
again is opposed to the idea that the harder one can make a given steel, 
and the more drastically one can cool it, the less permeable and more 
permanent it will become. We first noticed this many years ago but have 
recently repeated the experiment with a different steel, a different form of 
testing apparatus, and a different observer. The results fully confirm 
those published in 1914; the details of the experiment are shown in 
Table 6. 


Table 6. — Effect of Size on Magnetic Properties 


Diameter, Inches 

I 

: 

1025° F. Oil 

! 'A ■ 



1^525° F. Water 

H 1 

B max (H = 300) 

! 

. . 1 15,400 

15,400.' 

13,600 ; 

16,600 

i ! 

16,600 

15,500 

B res 

. . 9,650 

1 9,380 1 

8,780 

1 10,600 

! 10,400 

10,300 

He 

. . 60.3 

62 2 , 

66 0 

55.2 

j 58.1 

58.8 

Br/Hc 

160 

i 151 

133 

192 

I 179 

175 


As the size increases, maximum a^d residual inductions decrease and 
the coercive force increases for both oil and water hardening; yet the 
effect of larger size in both cases must be to retard the rate of cooling. 
The steel used was 0.81 per cent, carbon and 2.91 per cent, chromium, 
and all three sizes were turned down from a single ^^-in. bar. 

Having arrived at conclusions so contrary to general belief as the 
results of the experiments just described, it was deemed advisable to get 
further substantiation and by other methods. I conferred with E. C. 
Bain and F. F. Lucas and told them of my experiments and the con- 
clusions indicated. Their novelty appealed to them and they volun- 
teered to submit the matter to tests in the fields in which they are 
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recognized experts. "I'hey were furnished samples of the two chromium 
steels on which our tests were conducted. After magnetic tests had been 
made, the test pieces were broken in two and one-half of each given to 
Bain and Lucas. 

After examination by the jj-ray method Bain reports faint lines corre- 
sponding to the pattern for gamma iron in both steels and in both oil and 
water quenched from 1525° F. (Fig. 18). In the first experiment the 
lines were too faint to form a basis for a quantitative estimate of the 
relative amount of gamma iron present in the two conditions of quench- 
ing. A further test was made from which he states that it is fairly clear 
that the oil-hardened specimen shows more gamma iron than the water- 
hardened specimen. The indications are that the total amount of gamma 
iron in either case is not very great, perhaps between 6 and 10 per cent. 

Lucas examined both steels under high-power magnification; nothing 
less will reveal anything about the structures of these steels, they are so 
extremely fine grained. With nitric-acid etching, there was no very great 
difference in appearance at 3000 magnification, but when boiled in sodium 
picrate the martensite and carbides were darkened, leaving numerous 
uncolored areas believed to be austenite. Four or five pictures were 
taken of each steel as oil or water quenched. It is readily possible to 
divide these into two groups, depending on the amount of white, 
uncolored, austenite patches; these are plainly more pronounced in the 
oil-quenched samples, Figs. 19 and 20, and also more pronounced in the 
3 per cent, chromium steel than in the 2 per cent, steel. An attempt was 
made to transform this austenite into martensite by immersion in liquid 
air, but while a change is produced by this treatment it manifests itself 
principally in the way the sodium picrate acts upon the steel and we 
cannot say that the liquid-air treatment has contributed anything of 
interest. Most experiments of this kind that have been reported in the 
past have dealt with richly austenitic steels and it is by no means certain 
that small amounts of austenite with which we are dealing will be simi- 
larly transformed. H. Scott has shown that hardened high-speed steel 
and a very high carbon and manganese steel, quenched from a high 
temperature, are materially affected at liquid-air temperature and our 
experiment with cobalt-magnet steel, previously mentioned, shows the 
same result. 

With this confirmation by independent observers and by additional 
methods, it seems that the three assumptions made at the outset of this 
section have been justified by the evidence presented. This new view- 
point as to the nature of the hardening process may prove of considerable 
interest in interpreting various phenomena met with in our daily work 
and to me it is a logical explanation of certain magnetic anomalies to 
which I called attention several years ago, but if I have succeeded in 
answering my own inquiry, I have at the same time raised another — why 
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does oil-hardening retain more gamma iron than water-hardening in a 
considerable variety of steels? It is believed that a deeper investigation 
of hardening stresses rather than quenching rates may prove the key to 
the matter, and possibly some future Howe lecturer will give the answer. 

It may be that it is an important function of the commoner alloys — 
chromium, manganese, and nickel, or their mixtures, to promote the 
retention of gamma iron and that to this fact some of the properties of 
alloy steels as compared with carbon steels are due. Steel in its heat- 
treatment does not behave erratically. It follows definite laws asso- 
ciated with considerations of time, mass, speed, pressure, composition, 
and initial structural condition. I repeat my axiom of heat treatment — 
constant conditions give constant results. It is because of the practical 
difficulties of controlling those conditions in production and treatment 
and because there is still so much to be learned about the fundamental 
laws and their operation that results are not always what they should be. 

In conclusion, let me acknowledge my indebtedness to my associates 
in several of our laboratories, whose efforts made this lecture possible, and 
I would particularly mention Mr. P. Peskowitz, who made most of the 
physical measurements and heat treatments. I am under great obli- 
gations to the Bureau of Standards, to Mr. E. C. Bain, of the Union 
Carbide & Carbon Research Laboratories, Inc., and to Mr. F. F. Lucas, of 
the Western Electric Research Ijaboratories, all of whom felt, I am sure, a 
personal interest in contributing something to this occasion in honor of 
him whose memory all metallurgists revere — Henry Marion Howe. 
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Action of Hot Wall: a Factor of Fundamental Influence on 
the Rapid Corrosion of Water Tubes and Related to 
the Segregation in Hot Metals* 

By Carl Benedicks,! Stockholm, Sweden 

It is well known by every one who has had to deal with boiler tubes 
that these are often seriously affected by a sort of corrosion, occurring 
as a local pitting, that frequently causes a perforation of the tube in a 
rather short time. The characteristic appearance of this corrosion is 
shown in Fig. 1. A very similar corrosion occurs in condenser tubes 
(Fig. 2).^ A study of the microstructure or local chemical composition 
of the metal (iron 70:30 brass) fails to reveal any cause for this pitting. 
Of course one might possibly assume the starting point to be some oxide 
particle, causing an electrolytic local action, but this in no way explains 
the continued corrosion, progressing even when the assumed oxide 
particle must have disappeared. 

By the excellent work done by the Corrosion Research Committee 
of the Institute of Metals, and communicated, in October, 1923, to the 
Institution of Engineers and Shipbuilders in Newcastle-on-tyne, stress 
was laid on the fact that a content of entangled air has a very obnoxious 
effect. In the following correspondence, Sir George Goodwin stated 
that “engineers have, for a long time past, regarded air as the big enemy 
to be fought against in all questions of corrosion”^ and Kenneth Fraser 
pointed out that the most vital point is “the avoidance or removal of 
possibly the chief cause of present day corrosion, i, e, entrapped air and 
gases brought out of solution.”’ In their reply, however, the authors 
state that they had “never for a moment believed that entangled air 
was responsible for the beginnings of corrosion, and express the opinion 
that the gradual liberation of air could not account for localized cor- 
rosion.”^ On consulting the many textbooks on corrosion, as that 

* Fourth Annual Lecture of the Institute of Metals Division, the American Insti- 
tute of Mining and Metallurgical Engineers, at the New York Meeting, February, 
1925. 

t Director of the Metallographic Institute of Stockholm. 

1 Corrosion Research Committee of the Institute of Metals, 7th Report. 1923. 

* Loc. dt.y 62. • Loc, dt., 65. Loc. dt., 89. 
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Fig. 1. — Typical fittings on boiler tubes. 
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published lately by A. A. Pollitt® or U. R. Evans,® nothing is found that 
explains this important point. 

There is apparently a link missing in the chain of evidence for the 
deleterious influence of air in water-pipe corrosion. The main object of 
this lecture is to supply that missing link, by elucidating the problem 
why air, entangled or dissolved, has so considerable an influence in water- 
pipe corrosion. We are going to find that the key is given by an effect 
that has hitherto been overlooked, not strictly belonging to chemistry or 
to metallurgy, or to engineering. It is, on the contrary, a purely physical 
effect, which we are going to designate as the action of the hot wall. 



Fig. 2. — Fittings on condenser tubes, according to Bengough, May and Pirret. 

Having elucidated this factor in thermal corrosion, it will be easy for 
us to proceed to the invention of a practical method for preventing its 
action. Then this effect will be regarded as being the special case of a 
more general effect which is not altogether unknown to physical chemis- 
try; viz, the so-called Ludwig-Soret’s phenomenon, occurring in salt solu- 
tions when subjected to temperature differences. 

Finally, we shall see that some phenomena of importance to metal- 
lurgy, and to metallography — a kind of segregation in molten alloys — 
will be eluciated by this phenomenon, and that it has probably a notable 
influence, though neglected so far in the domain of solid solutions. 

Action of the Hot Wall as the Chief Cause of Corrosion 

In his Carnegie scholarship work of 1908, the author availed himself 
of the determination of the cooling power of liquids as being of impor- 
tance for steel quenching. In the most direct method employed, an elec- 
trically heated platinum wire was surrounded by a stream of the liquid 

* A. A. Pollitt: “The Causes and Prevention of Corrosion.*’ London, 1923, 

^ U. R. Evans: “The Corrosion of Metals/* London, 1924. 
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to be tested* It was found, however, that this method was impracticable 
for ordinary water. The platinum wire, even at a comparatively low 
electrical current strength, was locally overheated, which caused the 
wire to melt off. This rather unexpected behavior of the wire was found 
to have the following origin: from the streaming water containing dis- 
solved (no entangled) air, some gas was deposited on a given spot of 
the wire and the air bubble thus formed prevented the liquid from 
cooling; hence the local overheating. The adhesion of the air to the 
hot wire, presumably to some spot of slightly higher temperature, was 
found to be so great that no practicable increase of the water speed pre- 
vented it. The only prevention was to render the water air-free, which 
was effected by prolonged boiling and subsequent cooling (say under 
liquid paraffine). 

Later, having to deal with some badly corroded boiler tubes, the author 
found that the local pitting must be closely connected with the local over- 
heating experienced in the case of the platinum wire. As a matter of 
fact, and as was borne out by some simple experiments, the action met 
with on platinum must be a general one. 

As is well known, even in homogeneous moist air a new phase (liquid 
water) appears on every point where the temperature is below a definite 
value (the dew point). This implies that the partial pressure of the 
water is determined by the lowest temperature occurring. This is often 
designated as ^Hhe action of the cold wall.^^ On the other hand, in a 
liquid containing air, or another gas, in solution, a new phase (gas) will 
appear on every point where the temperature is above a definite value 
(depending on the concentration and solubility of the gas) . This implies 
that the partial pressure of the dissolved gas is determined by the highest 
temperature occurring. In order to have the analogy borne out as clearly 
as possible, we will designate this as ^Hhe action of the hot wall.’’ 

We may comprise both cases under the same rule: Given a homo- 
geneous solution of any aggregation state, phase A: If then the solu- 
bility of the solute decreases with decreasing temperature, a new phase 
B, which is richer in the solute, will appear at a point of (sufficiently) 
low temperature (action of the cold wall). If the solubility decreases 
with increasing temperature, the new phase B will appear at a point of 
(sufficiently, high temperature (action of the hot wall). 

As the case in which solubility decreases with decreasing temperature 
(or increases with increasing temperature) is much more frequent than 
the case of a solubility decreasing with increasing temperature, we easily 
realize that the action of the cold wall has received a certain amount of 
attention, which has not been the case with the action of the hot wall. 

Both follow so directly from the well-known laws of heterogeneous 
equilibrium that no actual deduction is necessary. Likewise, no demon- 
stration is needed to illustrate the action of the cold wall; at least during 



CARL BENEDICKS 


601 


winter time every wearer of spectacles experiences its influence more 
frequently than he likes. On the contrary, some demonstration of the 
action of the hot wall is desirable, as this is much less familiar to us. 

As a first demonstration of the action of the hot wall, the following 
experiment may be described. A thin platinum strip ABC, Fig. 3, the 
width of which is variable, is pressed in between two electrodes fixed 
in a rubber-tightened wooden cover Z) of a horizontal cuvette E, through 
which a stream of aerated water 
passes. When a weak current is 
passed through the platinum strip, 
the narrow part A is sensibly heated 
and a considerable number of air 
bubbles are precipitated on it. If 
the current intensity is increased, air 
bubbles will also be deposited on 
at a still higher intensity of current, 
some bubbles will also appear on C, 

The aspect of the strip in the three 
cases is shown in Fig. 4, (a), (6), (c); 
the air bubbles are shown to have formed in preference on the hottest 
parts in contact with the liquid. 

In order further to demonstrate that the points where air is precipi- 
tated are apt to become superheated, a considerable number of experi- 
ments were carried out, thin strips of platinum (0.02 mm.) as well as of 
silver and tin being used; but these proved to be failures. From these 
negative experiments, however, a result important for the later work 
was obtained: it was found that a sufficiently thin, electrically heated 
metal strip, even when immersed in aerated water, is but little affected 
by local superheating due to adhering air, for the reason that there is but 
little probability that an air bubble will be formed simultaneously 
on both sides of the strip at the same point; as a matter of fact, the 
undisturbed cooling from one side generally prevents any considerable 
superheating. 

However, this stability of thin immersed strips must not be over- 
rated. In one of the experiments a thin strip of nichrome tape (1.0 by 
0.10 mm.) was electrically heated in aerated water, with the long axis 
horizontal and the tape plane vertical. In some cases, on passage of 
the current, air bubbles were formed at the lower edge of the tape, 
projecting on both sides; the result is shown in Fig. 5. At two points of 
the lower edge, a superheating has taken place, with a partial melting 
of the metal; a ‘‘pitting’’ of the tape may be said to be caused in a purely 
thermic way. 

At all events, to enable us to demonstrate this local superheating in a 
more convenient way — as follows from the above experiments — ^the 



Fig. 3. — Arrangement of demonstra- 
tion APPARATUS. 


602 


ACTION OF HOT WALL 


■4. 


if ^ 





* 


t- 

♦ 

■ . * 




•• 

'^1 

:* 

. ■» 


‘ r* 

r' 

,4 

V* 

> 

■ w: 

-t 

A 

Kr ■ 

IW' 


* 



"1 ".A''- ■ ■- 







c ha 

Fig. 4. — Successive appearances of air bubbles on platinum strip shown in 
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Fig. 6.— Thbbmically pitted Fig. 7.— Same as Fig. 6, m transmitted 
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metal plate must be cooled only from one surface^ as is the case with 
boiler or condenser tubes. Accordingly, the final demonstration experi- 
ment was carried out as follows: A plate 0.3 mm. thick was rolled out 
from the low-melting Newton’s alloy (melting point 94.5°; Bi. 8, Pb. 6, 
Sn. 3 parts by weight). A round disk (60 mm.) of this alloy was heated 
from below by steam, which could be slightly overheated, while the 
upper side was cooled by a water stream; the resulting appearance of the 
disk, by reflected light, is shown in Fig. 6, magnification 0.7, and by 
transmitted light in Fig. 7. On account of the low melting point of the 
alloy, local melting and perforation have taken place at some points, 
where adherent air has diminished the intensity of the water cooling of 



Fig. 8. — Aspect of a single thermic Fig. 9. — Apparatus for demon- 
pitting. X 10. STRATION OF HOT-WALL ACTION. 


the upper surface. The characteristic aspect of such a purely thermic 
‘Spitting” of the heated and cooled metal may also be seen in Fig. 8. 

The next step in the demonstration would naturally be that of evi- 
dencing that the local heatings considered, while not intense enough for 
causing the metal to melt, in the case of a base metal such as iron or 
brass, will cause a much accelerated chemical attack by the water, or 
more strictly speaking by the water vapor, or oxygen, contained in the 
adherent air. Such a demonstration, however, cannot be considered as 
necessary, as it is well known to every chemist how rapidly chemical 
activity increases with temperature. To give a single chemical example: 
the speed of saponification is known to become doubled on,a temperature 
increase of only 10° C. 

We will refer instead to another purely physical demonstration experi- 
ment concerning the action of the hot wall. In Fig. 9, AB is a glass tube 
with a strangulation in the middle; when nearly filled with water the tube 
was sealed. The compartment A may be quite filled with water while 
B contains an air bubble as indicated. If A is heated by a microflame 
C placed below it while B is air-cooled by a strip of copper plate D, 
in a short time the air bubble in B will “distill” over to the hot wall and 
be found in A. 
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Conclusion 

In water-tube corrosion, the air content of the water has already been 
considered as dangerous (perhaps largely on account of its oxygen content) , 
but on the other hand, no reason has been found for this air or oxygen 
content to cause any local corrosion or pitting of the metal — the most 
dangerous form of attack. 

It has been established that a purely physical — rather paradoxical — 
effect must influence the problem, viz,, the action of the hot wall,” 
implying that from air-containing water a gas phase is precipitated 
on the hottest points of the wall — ^in a way similar to the precipitation 
from moist air of a liquid phase on the coldest bodies in contact 
with it. 

This local precipitation of air will, on definite points, necessarily 
prevent the water from exerting its cooling power on these points, and 
the result will be a considerable temperature increase there. As has 
been demonstrated, this local superheating, under given circumstances, 
can give rise to a local; purely thermal pitting of the metal wall; further, 
if chemical action comes into play, the local superheatings a fortiori will 
cause local corrosion of the metal. This action must be self-accelerating ; 
the deeper the pittings already formed, the greater the local variation in 
temperature and in air precipitation, with resulting further increase in 
temperature difference and in corrosion. This being so, we also obtain 
the explanation of the fact that two metals so different in character as 
iron and brass seem to behave in a very similar way. 

The important question is how to counteract this obnoxious corrosion. 

1. It is evident that the surface of the metal must be as even or smooth 
as possible (the tube thickness as regular and the metal itself as homo- 
geneous as possible). Any metallic projections from the surface are 
liable to act as centers for the formation of the gas phase. This con- 
clusion, however, is not new, as from nearly every point of view in cor- 
rosion the smoothness of the surface is desirable. Unfortunately, from 
the standpoint of the practical engineer, only little can be done in 
this direction. 

2. It is obvious that the formation of an even sea-scale layer on the 
metal surface — at least if not too thick — must protect the tube in lessen- 
ing the effect of any temperature differences that may exist in the metallic 
surface. This likewise conforms to full earlier experience, but little 
can be done, as it seems, in this direction. 

3. If the tube surface is originally very smooth a high speed of the 
water is likely to be in opposition to the air precipitation, though prob- 
ably in no way excluding it; on the other hand, if the surface is roughened, 
a very high speed will scarcely have any beneficial influence, 
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4. The only radical means to avoid corrosion will be to remove the 
possibility of air precipitation in using a water devoid of air. This, 
likewise, is no novel conclusion: on the contrary practical means of 
removing the air content of water is an old desideratum. Here, how- 
ever, the chemical method is out of the question, as the nitrogen that is 
then left unremoved will exert the same influence of local superheating. 
The physical method used hitherto, involving the combination of heating 
and vacuum, signifies a considerable complication. It is therefore very 
fortunate that the elucidation gained as to the main cause of this corro- 
sion will at the same time offer the rational remedy, ^ ^elements beaten 
with their own arms,'* or *^elementa suis armis devicta,^^ being a sound 
principle. As a matter of fact, the action of the hot wall may be taken 
advantage of in order to remove the air, or other gases, at places where it 
causes no harm. 


The Remedy: Rational Air Removal 

The most effective way of removing moisture from air probably is to 
let the air pass over a body of very low temperature (as that of liquid 
air) ; the action of the cold wall then causes a removal of every trace of 
water. Per analogiam^ we may conclude that a very effective way of 
removing air from liquid water must be to let the water pass over a body 
of very high temperature; the action of the hot wall will then probably 
cause a very energetic air removal. 

First Experimental Apparatus 

To test the truth of this conclusion, the apparatus shown in Fig. 10 
was built up. From a large Mariotte bottle A water flows at a constant 
speed, which is read on the checking tube R, through two similar glass 
vessels I and II , Through rubber stops in their lower openings, two 
thick insulated copper wires are inserted; between them are fixed the 
heating spirals Ci, and C 2 each consisting of a (150 by 1.0 by 0.1 mm.) 
nichrome tape, mounted as a spiral and having a resistance of 2.69 ohms 
each, at + 18° C. The upper parts of I and II are graduated and contain 
stop-cocks; the temperature of the water after passing the heaters is read 
on the Hg-thermometers Di and I> 2 . 

To avoid any electrolysis of the water, alternating current of 50 
cycles per sec. at 300 volts is used. After passing a measuring trans- 
former R, the current strength is read on the precision ammeter F while 
on the wattmeter G is read the energy consumed either by 7 or by 7 + 77. 
Photographs of the apparatus proper and of the total experimental 
arrangement are shown in Figs. 11 and 12. 



606 


ACTION OP HOT WALL 


Each experiment was carried out in the following order: A constant 
water speed being secured and the vessels I and II being filled with water, 
the current was switched on at a given moment (after a preliminary 
adjustment of suitable resistances). At given time intervals, the volume 
of the air liberated in I and II was read (in the first series), and* readings 



taken of the different variables, as given in the following tables. After 
a definite time the current was broken and the vessels I and II allowed 
to cool. The volumes of the air contained in 7 and in 77 were then 
accurately ascertained after transfer into a gas burette containing salt 
solution. The first series executed is given in full in Table 1. The main 
figures of the series executed are compiled in Table 2. 
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Fig. 11 . — Air-eemoval apparatus as set up. 



Fig. 12, — First experimental apparatus as set up. 
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® Final determination. 
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Stationary State 

In Fig. 13 are given graphically as small circles the successive gas 
volume observations of the first two series. The finally determined 
values are given as dots. There is a strict proportionality between 
liberated air and time used, showing that the conditions are stationary. 
(At a higher current the volumes read off successively were less regular 
on account of the increasing temperature in the upper parts of I and 
II influencing the volume readings). 


P 

0 



Fig. 13. — Connection between liberated air and duration of experiment. 

Reproducibility 

As will be seen from series 5' and 5", Table 2, having sensibly the same 
water speed and energy consumption, the reproducibility is fairly good, 
at least in view of the fact that the volume observed in 5', according to 
the record made, was too small because some air containing steam was 
lost in this case. Anyhow, the volume readings obtained with this 
apparatus are slightly too low as the off-flowing water contained a 
certain amount of entangled air. 

Amount of Air Separated 

As to the main point: the air quantity separated, as given in column 
18, Table 2, already in series 5", amounted to about 18 cm.* per liter. 
The distilled water gave a figure slightly lower, or 16.2 cm.* (series 9). 
Now, the air content of pure water, saturated with air, according to 
determinations by L. W. Winkler^ at +20° C. is 18.7 cm.* air (at 760 mm. 
0°), or at +20° C. is 20.1 cm.* (of 760 mm. and 20°). 

To ascertain how much air is actually contained, a special determina- 
tion was carried out. In this 50 cm.* was boiled in a vacuum; the 
quantity of air given off was determined over mercury by pressure meas- 

^ Landolt-Bornstein-Both-Scheel: Phys-chem. Tahellen, 5 Aufl. Berlin, 1923, S. 766. 
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uring. By this direct method an air content at +19® C., amounting to 
16.5 cm.® (760 mm., 19°) was found with an imcertainty of about ±1.0 
cm.®; to this gas content some combined carbon dioxide, not appearing 
in the analysis, might have to be added. 

From this we may conclude that by far the greatest part of the air 
content of the water has been separated, using the new separating appa- 
ratus. The fact that somewhat more air was obtained from the ordinary 
water than from the distilled water is probably due to the latter not 
being quite saturated. 

Energy Consumption 

With respect to the energy consumption involved in the separation 
of air from the water, it is easy, from the figures given in Table 2, to 
compare the energy consumed with the energy taken up in the heating 
of the water. It is found that, on the average, 93.8 per cent, of theenergy 
used is recovered in the heating of the water. Thus, the loss, due to 
radiation (final temperature of the water is 94° maximum) does not 
exceed 10 per cent . ; it could easily be diminished by insulation. 

Of course the air separation in itself demands a certain amount of 
energy. As is well known, the work done against atmospheric pressure 
in developing 1 mol of a gas (24,000 cm.® at 20°) is given by the formula 
W = 1.99 X T cal. = 581 cal. for T = 273 + 20°. The work done in 
separating 20 cm.® per liter accordingly will be only 0.5 cal. per liter; 
i. e., corresponding to the heating of 1 liter of water from 0° to 0.0005°, 
or a quantity entirely negligible. 

Second Experimental Apparatus 

With the apparatus already described a certain air loss could not be 
avoided, because the water flowing off contained some visible entangled 
air and possibly also some dissolved air. On this account, an apparatus 
of improved construction was made; see Fig. 14. It contains three air 
separators 7, 77, and 777, placed in series, each containing two heating 
bodies (same nichrome tape as before, but of varying length). 

The intention with this was that the first air separator 7 should at 
once communicate a considerable amount of energy to the water so that 
the main air quantity would be separated in 7, while the smaller part 
remaining would be separated in 77, and III would act merely as a check 
of the effective result, giving only a very small air quantity, and prevent- 
ing any entangled air from escaping. To utilize this scheme, it was 
necessary to be able to vary the relative amount of current sent through 
7, 77 and 777, respectively. Hence, in series 11 and 12 (Table 3) shunt 
circuits were arranged according to the scheme given in Fig. 15a, permit- 
ting a much stronger current through 71 and 72 than through the 
others. It was found better to use the connection Fig. 156, where the 
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strong current was passed only through 71, as otherwise a conaderable 
boiling took place in 72. The lengths of tape and the resistance atroom 
temperature of the heating spirals were as follows: 


No. 

Lbnoth or Taps, 

Mif. 

Rmibtahos, 

Ohms 

n 

200 

2.65 

12 

200 

2.64 

in 

100 

1.58 

112 

100 

1.41 

nil 

50 

0.71 

III2 

50 

0.70 


With the second apparatus, the temperature was measured by using 
foiur iron-constantan thermocouples Ti, Tt, Tt, Tt inserted in the water 
pipes, as shown in Fig. 14; their indications were registered with the aid 
of a Double Thread Recorder. The temperature values given (Table 3) 
are mean values as read on the registrations. Fig. 16 shows the air 



Fig. 16. — Second aib-removai. appabatus as set dp. 


separators of the second apparatus as set up; separator 7 is to the right 
(large air volume). Fig. 17 shows the complete apparatus as set up. 

The results of the four series of tests made are given in Table 3. Only 
ordinary water was used in this case. As shown by the last coliuim, the 
quantity of air in series 11 and 12 amounts to 16.4 and 17.0 cm.* per liter, 
respectively; or sensibly the same amounts as w«fe obtained with the 



614 


ACTIOMT OF HOT WAIiXi 



841.5 

3610 



CABL BENEDICKS 


615 


first apparatus. In series 13 and 14, using the better shunting indicated 
in Fig. 156 the total air volume obtained, 19.0 and 19.9 cm.* (760 mm., 
20°), coincides with the Landolt-Bdrnstein figure already referred to — 
20.1 cm.* (760 mm., 20°). Thus, the result is to be considered as a very 



Fig. 17. — Second bxpbbihental apparatus as set up. 


accurate one, and at the same time the improved apparatus affords a 
quantitative laboratory method — of special interest as no air solubility 
data seem to exist in other liquids than water — and one that also is easily 
utilized for industrial purposes in removing the gas content of a liquid. 
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As for Table 3, we have now evidently reached the desired effect, 
inasmuch as by far the largest mr quantity is given off already by the 
separator J: the amount obt^ed in III is very insignificant. Further, 
the objection might possibly be made that some part of the gas obtained 
(and not analyzed) might be oxygen and hydrogen formed by electrolysis. 
However, in a separate experiment, it was established that one of the 
nichrome spirals in a dry condition had a resistance of 2.68 ohms, while 
when submerged in the water the resistance was found to be 2.677 ohms. 
If this difference is due to conduction in the water, it would in maximum 
give 0.2 cm.* gas per liter, supposing a direct current had been used; as 
the current was alternating, this source of error may be entirely left out 
of account. 

Conclusion 

We have seen that the action of the hot wall in causing a local libera- 
tion of air from ordinary water on a hot-tube wall must be considered 
as an extremely important factor in corrosion — ^though of course a 
number of other factors may also be of infiuence. Nevertheless, the same 
action may be taken advantage of in order completely to remove the air 
from the water before it enters into the tube proper, thus preventing 
corrosion: detnenia suis armis devida. 

The Ludwig-Sobet Action 

The central place in the foregoing investigations is marked by the 
phenomenon we have designated as the action of the hot wall. This 
action means that from an originally homogeneous solution a new phase 
is separated at points of a higher temperature. Now, the separation of 
a new phase generally implies the previous concentration of the com- 
ponent that is predominant in the new phase. We thus are led to the 
consideration of the action of the hot waU as being a special case of a 
much more general effect; viz., the spontaneous concentration differ- 
ences that may occur in a primarily homogeneous solution, when sub- 
jected to locally different temperatiues. 

This phenomenon was first discovered by C. Ludwig in Vienna in 
1856. It received very little attention, however, and was rediscovered, 
in 1879, by C. Soret in Geneva — ^after whom it is generally called. J. H. 
van’t Hoff, in 1887, ventured to give a theory of the phenomenon, which 
however, by an experimental investigation, S. Arrhenius (1898) has 
shown to be incorrect.* A demonstration apparatus of the phenomenon 

• Van’t Hoff (Ztdir. f. phya. Chem. (1887) 1, 487) started from the Amnimptinn that 
the osmotic pressure must be the same in all parts of the solution. It appears to 
the autiior to be necessary instead to use as a starting point the fact th et r the thermo- 
potential, or the function f, which is dependent on concentration, tempera- 
tata, aad peesoure, must be constant in different parts of a ^stem. 
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was devised by E. Abegg (1898). The theory was improved by W. 
Diiatie (1898), and also by G. Tammann. In the laboratory of the 
latter, an experimental investigation was carried out by A. Eilert (1914). 
These references seem practically to comprise almost the entire original 
literatiire on the subject. 

The reason why so little has been done is principally the great amoimt 
of time considered necessary in order to reach an equilibrium. Arrhenius 
spent 90 days for his experiment; in the 
work of Eilert, however, the time was 
reduced to about 20 hours. 

The most interesting results ob- 
tained, as summarized by Eilert, are 
the following: 

1. In a primarily homogeneous solu- 
tion column subjected to a temperature 
gradient an equilibrium is finally obtain- 
ed, inasmuch as the quotient of the con- 
centration Cu in the cooled, lower part 
end the concentration €» in the hotter, 

upx)er part, or & becomes constant. 

I/O 

(J 

2. The quotient^ is always found to 

be greater than 1: i. e., the solution is 
always found to have a higher concen- 
tration in the cold part than in the 
hot part. 

C 

3. The ratio ^ increases nearly in all cases with the primary concen- 
tration of the solution; see Fig. 18 (ESlert). With decreasing concentra- 
tion the ratio approaches to 100. For liCl the ratio is constant, for HCl 
it decreases with increasing concentration. 

4. As for water solutions containing liCl, NaCl, KQ, and SrCli 
respectively, the concentration ratio increases with the molecular weight 



Fig. 18 .— Ltowig-Sobbt action, 

ACCOBDINO TO ElLBBT. 


of the solute. 

5. The phenomenon does occur also in non-aqueous solvents, such as 
acetone and nitrobenzol. 

This concentration change due to a temperature gradient having been 
proved to exist within ordinary liquids, it can not be denied that there is 
some probability of its existence likewise in molten alloys, though not 
observed — at least not directly — ^as yet. This gives the Ludwig-Solet 
phenomjenon a certain interest for metallography. Before entering 
thereupon, we shall first examine, somewhat more closely some of the 
results already referred to. 
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As stated under 2, the cold region of the solution has always been 
found to become the more concentrated one. From this, however, it 
seems to the author impossible to infer that the opposite may not likewise 
occur. As a matter of fact, let us suppose that there is a real tendency 
for the hot region to become more concentrated so that in a horizontal 
tube the hot part will be (say considerably) more concentrated. Now, 
suppose that the tube is turned in a vertical position with the hot end 
upwards, then the concentrated solution will probably descend to the 
bottom and it will appear as if there was a tendency for the cold portion 
to become more Concentrated — ^which according to the assumption made 
is not the case. 



In order not to obtain results falsified by the action of gravity, the 
procedure would have to be thus: First, place the tube in a horizontal 
position; if it is found that — ^notwithstanding the convection currents — 
the hot part becomes more concentrated, the tube should be tilted gradu- 
ally so that the hot end comes downward. Only in this way would it be 
possible to establish the paradoxical result: a stable equilibrium of the 
column, being hotter in the lower part than in the upper part. From 
these considerations it appears to the author to be indispensable to 
investigate in each case if, or how, gravity influences the Ludwig-Soret 
phenomenon. Some experiments, though by no means of a definite 
character, were carried out in this direction with the following method: 

A glass tube A (Fig. 19) having an inner diameter of 18 mm. was 
strangulated in the middle to 5 mm. The right-hand portion was heated 
to -f-78*’ C. by means of a brass vessel B containing alcohol, which was 
kept boiling electrically; C is a tube for condensing the alcohol vapor. 
A cooling vessel D was kept at + 16° C. by running water. By means of 
the split copper disks E and F, the temperature fall is localized to the 
middle portion of the tube. A rubber stop 0 is perforated by glass 
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tubing, which is intended for keeping a thermocouple and also for sepa- 
rating the two parts of the liquid, after an experiment— for whidi purpose 
the closed ends of H (and H') had a short rubber coating. 

The strangulation permitted the experiments to be carried out in a 
horizontal position of the tube without much influence from convection 
currents; it obviously had the effect of lessening the diffusion speed. 
This, however, was not so serious an inconvenience, as even very small 
concentration differences could be accurately determined by means of an 
interferometer for liquids by C. Zeiss (construction F. Lowe). 

The main experiment carried out was as follows: A sodium-chloride 
solution containing 20 gm. NaCl per 100 gm. HtO — ^thus 3.43 normal — 
was heated as described, the apparatus being horizontal. After 52.5 


AO 



Fig. 20. — Influence of oeavitt on Ludwig-Sobbt action. 

hr., the concentration difference was found to be 0.053 per cent. NaCl, 
the cold part being the more concentrated; after 93 hr. the difference was 
found to be 0.257 per cent. 

The apparatus was then turned over into a vertical position with the 
heated part on top. After the lapse of 47.5 hr. the concentration differ- 
ence was foimd to be 0.292 per cent. NaCl in favor of the lower part. 

For the sake of comparison, these values are represented graphically 
in Fig. 20. It will be seen that there is considerable difference between 
the result obtained with a vertical position — as used by all previous 
workers — ^and a horizontal position: in the vertical position the speed of 
the concentration changes appear to be about six times greater than in 
the horizontal position. TUs does not prove that the final equilibria 
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will differ in the same way,* but it appears highly probable that the 
Ludwig-S(Het phenomenon as determined so far is affected by gravity in 
an unmistakable manner, not before taken into consideration. 

It is inter^iting to compare this conclusion with the result mentioned 
as 4, page 617; viz., that the concentration at the lower part of the vessel 
has been found to increase with the atomic weight of the solute. 

In addition to this, we also might consider that Eilert, for chloride of 
lithium, fotmd a concentration ratio in acetone (specific gravity 0.80) 
considerably greater than in water, and for acetic acid a ratio in water 
considerably greater than in nitrol^nzol (specific gravity 1.20). Thus, 
the lifter the solvent, the greater is the tendency of the solute to sink to 
the lower part of the vessel. It appears doubtful whether the same will 
be true in case the determinations are made independent of gravity, 
and whether the cooler solution thus always will be found to be the 
more concentrated. 

In one experiment carried out with the foregoing apparatus (hori- 
zontal) on a solution containing 30 gm. MgS 04 per 100 gm. HjO, after a 
lapse of 42 hr., it was found that the portion which has been heated had a 
concentration slightly greater than the colder portion; the difference 
however was only 0.35 drum divisions of the interferometer and evaluated 
in per cent, was very insignificant. 

Because of the results now reached, this work will be pursued with a 
modified method. However, we may already conclude that the position 
reached by previous workers — ^the cooler portion gets the higher concen- 
tration — ^may not be a general law. 


Sbgbbgation in Molten Ibon, Occubbing Pbevious to Solidification 

A Swedish metallurgist some time ago asked the author for an explana- 
tion of his unexpected result in finding a higher carbon content in the 
outer layer of some large ingots than in the interior. The metal being 
gray iron, the author’s first answer was to suggest errors in analysis, due 
to a systematic graphite loss. A number of careful control analyses 
having then been made, the former result was corroborated. ‘ITiis 
induced the author to consider the question of segregation from a wider 
point of view than that generally taken. 


' The values found here are much lower than those found by the previous workers. 
Urns, in the last case a concentration quotient was found of 

20.00 -HH- 0.292 


20.00 -H '0.292 


1.013 


while Eflert using sensibly the same temperature difference and solution found 
an equilS>rium quotient amounting to 1.071. This difference is obvioudy due to 
tiie Btcudgidation of the vessel used here, permitting horisontal work but necesutat- 
ing a much pndonged durati<m of time. • 
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As a matter of fact, segregation since the earliest times has been a 
very obscure phenomenon, imtil the phase rule and the whole doctrine 
of heterogeneous equilibrium gave us the explanation of its most striking 
characteristics. So the fact that in a mild steel a concentration of carbon 
nearly always occurs in the last solidifying portion, as well known, is 
directly explained on considering the change in the heterogeneous equilib- 
rium as evidenced by the solidification diagrams. (It is true that 
exceptions from the regular segregation behavior as predicted by these 
diagrams might occur as the result of gases liberated during the course 
of the solidification; of course, this item is not considered in the diagrams.) 
Nevertheless, there are some characteristics of segregation that, so far 
as the author knows, have not received any elucidation. Before briefly 
referring to this aspect of segregation let us at once state that a solidifica- 
tion diagram is only the expression of the heterogeneous equilibrium — 
the equilibrium between the phases — of a system, presupposed to have a 
uniform temperature all over. 

On the contrary, the thermal diagram as hitherto given expresses 
nothing regarding the homogeneous equilibrium, or for the equilibrium 
of a homogeneous phase parts of which have different temperatures. 

Hence, if we find that the composition of a homogeneous phase, when 
subjected to a temperature gradient, is locally changed; or, in other 
words, if we find the Ludwig-Soret phenomenon to be valid likewise for 
metallic phases, this will stand in no opposition to the existing diagram 
of thermal equilibrium, it will only signify a supplementing of them. 

Dealing with segregation, it is natural first to consult the work by 
H. M. Howe. In his “Metallurgy of Steel” (1890), Howe refers to an 
investigation of Maitland (1887) summed up in a diagram (Fig. 80) which 
gives the carbon content at different points in the vertical section of a 
large ingot. This is reproduced in Fig. 21. The inner part of the ingot 
(corresponding to five vertical columns), where the solidification has been 
quite slow, well illustrates the segregation as explained by the equilib- 
rium diagram (later established): the lower end of the interior has a 
very low carbon content (about 0.23 per cent.) ; this increases successively 
in the upper parts — ^which have solidified later — so as to reach a high 
value near the top (about 0.7 per cent.). This interior part, however,'is 
surrounded by an outward layer which, on account of the cooling effect 
of the mold, must have solidified much more quickly than the interior; 
it thus must better represent the concentration state before beginning 
solidification. Now, in this outer part of the ingot, a slight increase in 
the carbon content is to be found when progressing from the top to the 
lower part (mean value of the lower half part of the first column is 0.320 
per cent., of the upper part 0.287 per cent.). 

In his later book “Iron, Steel and Other Alloys” (1903), where the 
same figure is reproduced, Howe refers to an “abnormal segregation” in 



622 


ACTION OF HOT WALL 


cupriferous silver. “The explanation of this phenomenon does not seem 
clear. Convection currents and gravity stratification of the nascent 
solid constituents in the act of freezing may contribute.” 

An exhaustive investigation on segregation in steel ingots is that of B. 
Talbot. In the outside portion of a la^e ingot (6000 lb. or 2721 kg.) he 
found the following figures. 


Points 1 (top) 2 3 4 5 6 7 8 9 10 11 12 (bottom) 

Carbon content 33 32 31 32 35 37 38 38 36 38 41 43 


This unmistakably indicates that the carbon content in the outer 
part increases toward the bottom; this segregation, however, does not 
occur in the case of aluminum addition before pouring. 



Fia. 21. Fig. 22. 

Fig. 21. — Segbisoation in a labge ingot, accobding to Maitland and Howe. 
Pbbcentage of cabbon at diffebent points in tebtical section of a labge 
inoot; dbpth of shading of spots is boughlt propobtional to proportion of 

CABBON. 

Fig. 22. — ^Distribution of carbon in a large steel ingot, according to 
Berglund. 

A number of valuable papers on segregation have been published 
by P. H. Dudley (1913), R. A. Hadfield (1912), H. M. Howe (1907) 
P. Oberhofifer (1920), B. Osann (1912), A. Pourcel (1893), J. E. Stead 
(1906), A. Wahlberg (1901), F. Wfist and H. L. Felser (1910), and many 
otiiers; and due attention to the matter is paid in the textbooks as in 
those of F. W. Harbord and J. W. Hall, B. Osann, H. Wedding, witiiout 
throwing much light on the kind of segregation we are studying. How- 
ever, a careful scrutiny of a 0.19 per cent, steel ingot has been made quite 





CABIi BBNBDICKS 


623 


recently by T. Berglund (1923) at the School of Mines in Stockholm. 
The distribution of carbon is clearly shown, the algebraic differences 
from the mean value being taken as vertical codrdinates at each of the 
109 points analyzed; see Fig. 22. The result is a very regular one; a 
similar, regular distribution was obtained also for phosphorus and sulfur. 

The interior part (clearly marked by blowholes) has a carbon content 
low at the bottom (0.16 per cent.) and increasing (to 0.21 per cent.) near 
the top. The outer part, on the contrary, has a carbon content of 0.19 
per cent, at the bottom and decreases regularly to 0.15 per cent, at the top. 

This result constitutes a valuable corroboration of the earlier ones, 
already referred to, and is borne out by the fact that Berglimd, like pre- 
vious workers, found sulfur and phosphorus to vary essentially in the 
.same way. 

Assuming accordingly the distribution as thus found to represent the 
general rule we are justified in saying: The segregation of the interior of a 
large ingot, giving the highest carbon content near the top, is essentially 
explained by the diagram of heterogeneous equilibrium, assuming the 
freezing to progress from the bottom part. The concentration differ- 
ences of the outer part, on the contrary, showing the highest carbon con- 
tent at the bottom, cannot be explained by this heterogeneous diagram 
but affords a strong evidence in favor of a Ludwig-Soret effect, occurring 
in the molten iron containing a low carbon content. 

Regarding higher carbon contents, a few isolated segregation data 
are available. So Osann, in his “Lehrbuch der Eisen und Stahlgiesserei” 
refers to a pig-iron analysis quoted by Ledebur: 


Outer part 
Inner nort. 


c. 

Pbb 

Cbnt. 

Pbb 

Cbnt. 

Mn, 

Pbb 

Cent. 

P. 

Pbb 

Cbnt. 

s, 

Pbb 

Cent. 

Cu, 

Pbb 

Cent. 

3.97 

3.65 

1.68 

0.02 

0.03 

0.04 

3.41 

3.68 

1.32 

0.01 

0.02 

0.03 


Thus a decided carbon surplus was found in. the cooler outer part. 
It seems, however, scarcely possible to draw any definite conclusion from 
a few isolated figures. The author, therefore, values the opportunity, 
afforded him by the courtesy of the Surahammars Bruks Aktiebolag, 
Sweden, of presenting here some data, being the result of an elaborate 
investigation made by G. Malmberg, at Smahammar. 

A section had been obtained from a large cast-iron roll (weight about 
20 tons). Carbon and phosphorus were determined with the greatest 
possible care, especially so as to avoid any error due to graphite loss, on 

>0 ^ pointed out to the author by B. Kjerrman, the tar generally used in the 
molds might influence the carbon distribution; this, however, is not very probable, as 
phosphorus and sulfur are subjected to similar changes as carbon. 

At the same place Osann quotes a case of segregation observed by Reusch in a 
roU, cast in bessemer steel: iq>per neck, 0.215 per cent, carbon; body of roll, 0.300 
per cent, carbon; lower neck, 0.314 per cent, carbon. 
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20 points at different distances d from the surface. The result, as com- 
municated by Mr. Malmberg, has been reproduced graphically as a 
function of d in Mg. 23.. Making allowances for unavoidable locid differ- 
ences in composition, we see that the carbon content, 3.62 per cent, at the 
surface, decreases quite considerably toward the center of the roll; this 
differentiation in carbon content seems to have no connection with the 
fact that the outer zone (about 30 mm.) is white, while the interior is 
gray. Further, the same holds true for the phosphorus content, which in 



FlO. 23. — DlBTBISrrTION of cabbon and fhosphobus as a function of the dis- 
tance d FBOM THE SUBFACE OF A LABOB INGOT, ACCOBDINO TO MaLHBBBO. 

a slightly more irregular way decreases from about 0.475 per cent, at the 
surface, to below 0.40 per cent, near the center. Thus, as was already 
found by the determinations at a low-carbon content, a remarkable 
carbon segregation occurs — ^the carbon content increasing when progress- 
ing with the temperature gradient which must have existed previous 
to solidification. The direction of this segregation, as in the earlier cases, 
is the opposite to the direction of segregation that may be deduced from 
the heterogeneous equilibrium diagram. 

It might be supposed that the lowering of the carbon content toward 
the center might be due to some conmderable amount of carbon being 
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ejected from the still liquid portion of the metal, as graphite flakes 
(''kish’O* This explanation, however, would be contrary to the equilib- 
rium diagram, as this separation of graphite ffom the molten metal 
demands a total carbon content slightly surpassing 4.0 per cent, (the 
eutectic content being near 4.07 per cent.^^), while the present carbon 
content is much lower. Furthermore, the phosphorus segregation evi- 
dently could not be explained by that supposition. 

Conclusion 

From the foregoing facts, we conclude that the particular form of 
segregation in molten iron which implies a concentration of carbon 
toward the cooler portions — being apparently contrary to the heterogene- 
ous equilibrium diagram — ^is due to Ludwig-Soret phenomenon occurring 
likewise in the domain of alloys; in this effect, as we have seen, a concentra- 
tion of the solute to the cold portion is the only case hitherto observed. 

Ludwig-Soret Action in Various Alloys 

From the foregoing it is natural to infer that the Ludvdg-Soret phe- 
nomenon also occurs in molten metals (salts and so forth) in general. The 
wide field that in this way is opened for metallographic investigation 
has so far only been approached by the author and his collaborators. It 
may be mentioned here, however, that considerable concentration 
changes have been found in some determinations made by Mr. P. Seder- 
holm, in the case of bismuth-tin alloys, kept throughout in the liquid 
state. An experiment, carried out by S. Wassman had given a consider- 
able concentration difference in molten steel; the results, however, being 
strongly affected by oxidation, are not conclusive. 

It is well known to every mining engineer that in geology the problem 
of magmatic differentiation, or the formation of differences of concentra- 
tion in a silicate magma, has been the object of much discussion. From 
the facts now dealt with, especially those concerning liquid alloys, we 
are induced to draw the conclusion that this differentiation, in so far as it 
concerns a completely liquid magma, must depend to a very considerable 
degree on a generalized Ludwig-Soret action. 

On consulting the geological literature, one finds that this point of 
view is not new. It has been proposed by J. J. H. Teall (1886-88), 
A. Lagorio (1887), and W. C. Brogger.^* On the other hand, petrograph- 
ers have expressed the opinion that ^'Soret’s principle cannot be applied 
to magmas; more recently, in discussing the subject, Bowen^* came to 

C. Benedicks: ** MetcMurgie** (1906) 8. 

J. H. Vogt: Oeol, FOren, FOrhandl, (1891) IS, 476. 

H. B&ckstrdm: JrU. of Choi, (1893) 1, 773. 

N. L. Bowen: JvL 6f (1915) 88 (Supplement to No. 8), 1. I am indebted 
to Prof. P. Quensel for referring to this paper. 

YOU LXXX.— 40 
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the conclusion that the Soret effect, in the case of magmas, would be 
quite negligible. 

It is not possible for me to share this opinion — ^though it seems at 
present to be the prevalent one among geologists. As a matter of fact, 
the experimental items treated in this lecture, especially the segregation 
in large ingots, decidedly support the view that the magmatic differen- 
tiation cannot be fully investigated — ^just as is the case with the metallic 
segregation — without due consideration of the Ludwig-Soret action. It 
is quite obvious that at comparatively low temperatures, near the freezing 
range of the magma, its influence must be weak as compared to the differ- 
entiation due to crystallization; on the contrary, at much earlier periods 
with a considerably higher temperature of the magma, its influence 
presumably has been a very marked, regional one. 

The general influence of the generalized Ludwig-Soret phenomenon 
thus might exert a marked influence on this planet, in its entirety, and 
possibly also on other stellar bodies. 

I hope in this lecture to have succeeded to some extent in illustrating 
that research, even when dealing with prosy problems of immediate 
practical interest — as that corrosion of boiler tubes cannot afford to dis- 
pense with the practical aid of abstract science; and on the other hand 
that pure science can scarcely finds its full development without contact 
with the practical problems of life. 
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Recrystallization and Grain Growth in Soft Metals 

By Maubick Cook, M. Sc., Ph. D., and Uuck R. Evans, M. A., 
CAMBBiDai!, England 

(New York Meeting, February, 1925) 

The structural changes in metals brought about by annealing foUow- 
i ng a deformation at a low temperature has been the subject of many 
investigations. No less than eleven metals and alloys have been studied 
in some detail; namely, aluminum,^ tungsten,* iron,* copper,* gold,* 
zinc,* cadmium,^ tin,* lead,* brass, and cupronickel.^^ As a result, it is 
possible to frame a qualitative statement of the effect of the degree of 
deformation and the temperature of annealing on the structure finally 
attained. 
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Effect of Deqbee of Deformation 

It appears to be a universal rule that the smaller the amount of defor- 
mation has been, the larger the grain size produced on annealing, provided 
always that the temperature of annealing is sufficiently high, and the 
time allowed is sufficiently long, for the structural changes to complete 
themselves. The reason is probably as follows: Deformation involves a 
passage from a stable; to an unstable state, so it is natural to suppose that 
when the temperature is raised sufficiently, the atoms in the disorganized 
regions will commence to rearrange themselves in a manner representing 
a greater degree of stability. The most disorganized regions — according 
to the ordinary ideas of gliding — will be the crystal boundaries and the 
gliding planes. It is significant that in both aluminum^* and copper,^* 
the crystals produced on annealing appear first at the grain boundaries 
and grow out most readily along the direction of the boundaries; while 
in cupronickel,^^ the new crystals seem to be formed preferentially along 
the gliding planes and grow most rapidly in the direction of those planes. 
The greater the amount of disorganized matter in a specimen, the greater 
is the number of grain nuclei that will be formed in unit volume; in other 
words, the greater the deformation, the smaller the final grain size. As 
already stated, this is found to be the case. 

But the changes that occur on annealing do not consist only in the 
formation of fresh grains from nuclei (recrystallization) ; some of the old 
grains grow at the expense of their neighbors. Carpenter and Elam^*^ 
think that it is the deformed crystals which grow at the expense of the less 
deformed. As pointed out by one of the present authors,^® this view 
appears to be inconsistent with the generally accepted principles of 
c^stallization and of heterogeneous changes generally* The stable phase 
will always tend to expand at the expense of the metastable phase; if ice 
and water are in contact below 0° C., the ice will grow into the water, 
not the water into the ice. The suggestion was put forward, therefore, 
that it is the least deformed grains that grow; this view has since received 
support from Smithells.^^ 

Various other views have been expressed regarding the factors deter- 
mining which grains shall grow at the expense of others. Jeffries^* 
has asserted that the larger grains will tend to consume the small ones. 

H. C. H. Carpenter and C. F. Elam: /nl. Inst. Met. (1921) 25, 269. 

E. Bassow and L. Velde: Ztschr. MetaU. (1920) 12, 369. 

w F. Adcock: Jrd. Inst. Met. (1922) 27, 73. 

»» H. C. H. Carpenter and C. F. Elam: JrU, Inst. Met. (1920) 24, 83. 

U. R. Evans: Jnl, Inst. Met. (1921) 25, 299. See also reply to criticism 
by H. C. H. Carpenter and C. F. B am: Proc, Roy. Soc. [A] (1922) 100, 351. 

^ C. J. Smithells: JrU. Inst. Met. (1922) 27, 125 
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Smithells'® has expressed a similar view, quoting the thermodynamical 
work of Pawlow^® to show that the big grains must grow and the small 
ones must perish. But Pawlow^s argument, if it is applicable at all, 
would lead to the view^^ that the grains with small (convex) curvature 
should grow at the expense of those with great curvature; this does not 
necessarily mean that the large grains consume the small ones, unless 
the grains are spherical. 

The thermodynamical argument, however, did lead to the suggestions^ 
that “where the boundary between two grains was curved, the grain on 
the concave side would tend to grow into the grain on the convex side, 
thus reducing the interfacial energy of the system.^^ This prediction 
recently received experimental confirmation by the work of Vogel.s^ 

Other views of the mechanism of grain growth after deformation have 
been put forward. Tammann^^ thinks that even in the purest speci- 
mens of metal obtainable, a thin film of impurities exists between the 
grains, isolating them from one another; the function of deformation is to 
break down this film and bring the grains into real contact with one 
another, thus allowing recrystallization or grain growth to take place. 
It is undeniable that the presence of impurities that constitute a separate 
phase (for instance, thoria in tungsten, and iron carbide in iron^®) 
do hinder grain growth. But it seems highly improbable^^ that a film 
of intergranular impurities really exists in the purest samples of most 
metals; certainly it is difficult to picture this film as being so continuous 
and perfect as to isolate the crystals from one another. Furthermore, 
it has been pointed out by Alterthum^® that in polycrystalline specimens 
obtained by the recrystallization of originally monocrystalline speci- 
mens, the grains can exist in contact with one another at high temperature 
without growth ; clearly, in such cases the existence of a film of impurities 
is excluded. 

It is important to notice that although at moderately low tempera- 
tures changes only occur in metals that have received mechanical deforma- 
tion, it has been shown^ that cast cadmium subjected to no mechanical 
stresses other than the slight stresses inseparable from casting shows 
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marked coarsening of structure if subjected to a long annealing at a 
temperature a little below the melting point. 

A similar change appears to take place in gold. FraenkeP® heated 
gold at 1045° C. for 45 min., and published photographs showing the 
grain boundaries before and after the anneal. As the old grain bounda- 
ries were visible, after the anneal, in the same position, Fraenkel drew the 
conclusion that no change had occurred. But closer examination of the 
photomicrograph reveals that’^one grain at least has been invaded by its 
four neighbors, the new boundaries being shown by well-defined lines. 

It has also been stated by Sauerwald^^ that grain growth can take place 
when metallic powders are heated, even where the method of preparation 
has been such as to exclude deformation. 

Another case where recrystallization occurs without mechanical stress 
is in the annealing of cored solid solutions, such as a-brass. Observations^^ 
have indicated that ‘^one dendrite can give rise to more than one poly- 
gonal grain, and also that several dendrites may ultimately be merged 
into only one grain.” This view has received confirmation from subse- 
quent x-ray work by Bain.®^ 

Effect of Annealing Temperature 

The temperature needed to produce appreciable change in a deformed 
metal is higher if the deformation is slight than if the deformation is 
great. Consequently, if an article that has been deformed more in cer- 
tain parts than in others is annealed, the least deformed parts will, 
in general, escape change. If the annealing temperature is low, only the 
most highly deformed region will become recrystallized; if, however, the 
temperature is high, the change will extend farther into the regions of 
comparatively low deformation and, on account of this fact, a zone of 
very large grains will be produced.®® 

In the annealing of a uniformly deformed specimen, the elevation of the 
annealing temperature may Operate in two ways: (1) It will increase the 
number of nuclei formed in unit volume in unit time (Tammann's 
Eernzahl or K.Z.); this will tend to decrease the grain size; (2) it will 
tend to increase the velocity of crystallization (Tammann’sKristallisation- 
Geschwindigkeit or K.G.) which, by causing the first-formed grains to 
extend and meet one another before fresh ones can be formed, will clearly 

W. Fraenkel: Ztschr. Anorg, Ckem, (1922) 122, 295. 
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have the opposite effect.®® It is impossible to predict which of these two 
factors will prevail. Actually, the experimental evidence available 
appears to show that in copper, brass,®® and tin ®® a high annealing tem- 
perature usually causes a coarser grain than a low temperature; accord- 
ing to Timof^ef^ the same rule holds good for zinc, but Masing^^ 
has shown that under certain conditions a high temperature may 
produce a smaller grain size in zinc than a low temperature. In alumi- 
num, also. Carpenter and Elam^^ have shown that under certain condi- 
tions a high annealing temperature causes a much finer grain than a 
lower temperature; in fact, their well-known method of producing mono- 
crystalline specimens^® consists essentially in heating the specimens so 
slowly that the change is completed at the lowest temperature possible. 
Jeffries^^ cites numerous cases of the production of abnormally coarse 
grains when a piece of metal is heated to what he calls the “germinative 
temperature,” that is, the temperature just high enough to produce growth 
at a few, but only a few, points. 

The temperature required to cause recrystallization depends not only 
on the deformation but on the nature of the metal. For hard metals, a 
comparatively high temperature is required; but for soft metals, in which 
the natural restraint on atomic movement is less, the rearrangement of 
atoms in stable crystal array occurs at a lower temperature. Very soft 
metals, such as lead, are usually held to be “self annealing;” that is, 
after deformation they sometimes undergo annealing spontaneously at 
ordinary temperature. This matter will be referred to later in this paper. 


Need for a Statistical Study 

In most of the work hitherto conducted on grain growth and recrystal- 
lization, the investigators have taken photomicrographs of the metals 
at different stages of annealing and, by studying these, have arrived at a 
general impression of the changes in progress. Often the fortunes of 
individual grains have been followed through several stages; but it is 
doubtful whether in any research the numbers studied have been sufficient 
for applying even roughly a statistical method. The method of “general 
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impressions” has undoubtedly led to the discovery of many of the 
fundamental truths; but where the general impressions of different 
investigators do not agree, it is impossible to decide the point at issue 
without recourse to a statistical method. The investigation described 
in this paper was primarily an attempt to obtain some statistics regarding 
the frequency of the different modes of change in lead; a certain amount 
of work was also conducted on tin and cadmium. 

Method of Carrying Out the Metallographical Operations 

Materials Einployed 

The lead used in these researches was Cookson’s ‘‘superfine metallic 
lead,” and was presented to the authors by Messrs. William Jacks 
& Co.; we take this opportunity of expressing our thanks for their kind- 
ness. It contained over 99.99 per cent, of lead; even after the casting 
and rolling operations, the iron content was found to be well below 0.01 
per cent.; there was a trace of arsenic. The cadmium contained 0.07 
per cent, lead and 0.08 per cent. iron. The tin contained a trace of 
arsenic and iron. 


Preliminary Treatment 

The metals were cast into slabs 11 by 2.5 by 0.7 cm. in an iron 
mold, and then rolled down to strips 2.5 mm. thick. These were cut 
into suitable lengths (usually 7 to 8 cm.), stamped with distinguishing 
letters, pressed flat (if necessary) between sheet celluloid held between 
wooden blocks in the jaws of a vise, and annealed at 180° C. for 30 to 
60 min. The surface of the specimens, when etched, showed a good 
polygonal structure, which will be referred to as the “ preliminary struc- 
ture,” see Figs. 3, 4, and 5. The grain size of the lead is coarser than that 
of tin; which, in turn, is coarser than that of cadmium. The grains in 
tin and cadmium were more uniform in size than those in lead. 

The advantage of obtaining a smooth surface without polishing is 
very great. The cold work necessarily involved in polishing would have 
caused disastrous complications in interpreting the results. Further- 
more, the practical difficulties of polishing a soft metal without obliterat- 
ing the structure are considerable. 

Etching 

For lead, the etching solution that proved most suitable contained 
100 c.c. of 10 per cent, nitric acid and 6 drops of 20 per cent, chromic acid. 

The specimen was immersed in the solution, in a porcelain dish, 
rubbed gently with a cameFs hair brush until the desired effect was 
obtained, then washed with water, then with 10 per cent, nitric acid, 
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and again with water. After this, it was soaked in alcohol for a few 
minutes and rapidly dried with a soft handkerchief, the last remaining 
film of alcohol being allowed to evaporate in air. 

For cadmium the same etching solution diluted with an equal part 
of water was found to be suitable. 

For tin, in the case of the rolled specimens in the early stages of anneal- 
ing, immersion in strong hydrochloric acid for a few seconds wtas needed to 
develop the structure; this was followed by a longer immersion in dilute 
hydrochloric acid (1 part concentrated acid in 5 parts water) to which 
a small amount of ferric chloride had been added, in accordance with the 
plan of Heycock and Neville.^® In the advanced stages of annealing, 
the immersion in concentrated hydrochloric acid, which was apt to pro- 
duce a rather rugged, pitted appearance, could often be omitted. 

Marking of Areas 

As it was desired to photograph the same area at different stages of 
the anneal, it was necessary to have some sure means of identifying the 
area. Definition of an area by scratching or by pinholes was unsatis- 
factory because of the risk of deformation being produced. Consequently 
a special marking tool was made by pinching a cork-borer to such a 
form that it left a pear-shaped mark of the desired size when pressed 
gently on to the lead surface. When the specimen was placed on the 
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microscope stage, it was adjusted so that the rounded end of the impres- 
sion just fitted into the circle of the microscope field as indicated in Fig. 1 
(a). A specimen marked with this tool is shown in Fig. 11. 

It was found that when the tool was gently pressed on to lead, the 
indentation involved so little deformation that no recrystallization or 
grain growth occurred in the area (except actually in the mark produced 
by the tool) on annealing at 200° C. Deeper marking was intentionally 
used in some cases, where a local deformation was desired. In experi- 


« C. T. Heycock and F. H. Neville: FUL Trans, [A] (1903) 202 , 17. 
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ments where the specimen was subsequently to undergo severe rolling, 
a comparatively deep mark was always required, so as to avoid oblitera- 
tion; in such cases, it was considered safest to mark the specimens before 
the preliminary anneal. 

With tin, this method was not satisfactory, and the areas under 
observation were defined with reference to the letters stamped on the 
specimen before the preliminary anneal. Thus, an area could be 
identified by allowing the two prongs of the letter A to appear just on 
the edge of the specimen, as shown in Fig. 1 (6). 

Photography 

It is common practice in metallography to obtain photomicrographs 
of specimens illuminated by vertical light. This method gives excellent 
results with alloys, and even on simple metals good results are often 
obtained, especially if they have been etched in such a way as to produce 
dark boundary lines between the grains, or where the grains themselves 
are covered with twin bands or slip bands. The method does not 
prove so satisfactory, however, in developing simple polygonal structure 

n 




Fig. 2. — General oblique illumination. 

in a fully etched metal; for, when all the incident rays are nearly parallel 
to one another, the probability of the reflection of the light up the micro- 
scope tube by a given grain is very small; consequently while here and 
there a grain appears brilliantly white, most of the gr ains appear black 
or nearly black. If, however, the light strikes the specimen at all sorts 
of angles, the probability that a given grain may reflect an appreciable 
amount of light up the tube is greatly increased. It is not desirable, of 
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Fig. 3. — ^Lead, preliminary structure. Fig. 4. — Tin, preliminary structure. 
X 50. X 50. 



Fig. 5. — Cadmium, preliminary struc- Fig. 6. — ^Lead, deeply etched. X 50. 
ture. X 50. 
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course, to have light arrive at every angle, as this would render every 
grain bright. 

It was found that if two electric lamps (40 watts) were placed above 
the specimen, one on each side of the tube, as shown in Fig. 2, a satis- 
factory distribution of light and shade was obtained. Some grains 
appeared white, some light gray, some dark gray, and some black. In 
several cases, what appeared under vertical illumination to be one large 
dark grain, by this method of general oblique illumination was shown to 
be a group of two or more grains. The photomicrographs shown in 
Figs. 3, 4, and 5 were obtained by this method. 

Our observations led us to believe that the reflection which causes 
certain grains to appear light comes mainly from a series of etching pits 
with which the surface becomes ‘‘peppered.’’ Certain grains that, to 
the naked eye, appeared uniformly white, when examined under a micro- 
scope, were found to owe their brightness to the presence of numerous 
etching pits, which reflected light strongly, the grain itself being dark. 
The neighboring grains, which appeared dark to the naked eye, either 
contained fewer etching pits, or pits that (because of their smaller size or 
the different inclination of their facets) did not reflect much light. This is 
illustrated in Fig. 6, which shows a rather deeply etched surface of lead. 
It is to be expected that the frequency and size of the pits in different 
grains, as well as the inclination of the facets, should be affected by the 
angle that the crystallographic axes make with the surface of the specimen. 

Deformation 

As already stated, the “marking tool” was employed in some cases 
to produce deformation in the metallic specimens. In cases where a 
quantitative measure of deformation was desired, the method of rolling 
was always used. The length of the specimen was measured, and it was 
then passed through the rolls until a certain percentage of elongation was 
produced; care was taken that the specimen should be pulled through the 
rolls rather than pushed through them, so as to avoid undue bending. 
Measurements of the thickness with a micrometer before and after rolling 
showed that the decrease in thickness corresponded closely to the increase 
in length. 

Annealing 

For the preliminary annealing, an ordinary air bath was generally 
used; while for much of the work, in which it was merely desired to follow 
the fortunes of individual grains, a small electric oven was used. In 
the experiments designed to determine the range of temperature at which 
recrystallization, or grain growth, began to show itself in different cases, 
the specimens were packed in asbestos fiber in a copper box lined with 
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asbestos and fitted with an asbestos cover. The box was covered with 
asbestos below and at the points where it would approach most nearly to 
the walls of the oven, and was then supported on fireclay stands placed 
on the floor of an air oven. Two thermometers passing through the asbes- 
tos cover, so that the bulbs were placed among the specimens, allowed 
the temperature to be recorded in different parts of the box. 

In certain cases, it was important that the specimens should be 
brought quickly to a given temperature. Direct heating of the specimens 
in a bath of high-boiling paraffin or aniline was then employed. The bath 
was heated a few degrees higher than the temperature aimed at, and the 
specimens were plunged in and the liquid stirred. The thermometer 
quickly fell and, by observing when this rapid fall ended, it was possible 
to get an idea as to the time needed for the specimens to reach the tempera- 
ture desired. It was found that the specimens came within a few degrees 
of the annealing temperature in a few seconds, and that after half a minute 
they might be considered to be at the temperature of the bath. 

Statistics of Births, Growths, Shrinkages, and Deaths among 

Grains 

The general order of procedure was as follows. The specimens were 
brought to the ^^preliminary structure,’^ and one or more marked areas 
on each were photographed. The specimens were then deformed, by 
rolling or otherwise, and the same areas were again photographed. 
The specimens were then given a series of anneals, either at the same 
temperature or at repeatedly rising temperatures; after each anneal, 
each specimen was examined under the microscope, a print of the previous 
photomicrograph being available for comparison. If thought advisable, 
a fresh photomicrograph was prepared. In general, the series was 
continued until the changes in the marked area ceased to be important. 
Altogether 191 photographs were taken, while a still larger number of 
microscopic examinations, without photographs, were made. 

It is, of course, impossible to reproduce all the photomicrographs, but 
Figs. 7 to 11 show the nature of the changes observed on one particular 
specimen UP. Fig. 7 shows the microstructure of a marked area in 
the preliminary state; Fig. 8 shows the same area after the whole specimen 
had been rolled to 24 per cent, elongation. Several of the old grains are 
still recognizable, although greatly distorted by the rolling; but in certain 
parts of the specimen, notably in the bottom and in the right-hand top 
corner, the old structure appears to have been replaced by seemingly new 
grains. Evidently, therefore, some self-annealing has occurred during 
or just after the rolling, at ordinary temperature. The specimen was 
then annealed as follows: 
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First anneal . . 
Second anneal 
Third anneal . 
Fourth anneal 


5 min. at 125° C. 
30 min. at 158° C. 
1 hr. at 160° C. 

3 hr. at 190° C. 


The photograph taken after the first anneal showed a considerable 
further change, new grains appearing in the left-hand top corner, i, e. 
just where the original grains had survived the rolling. The changes 
of structure continued during the second, third, and fourth anneal; 
at the end of the fourth anneal, it seemed that none of the original grains 



Fig. 7. — Specimen UP before rolling. Fig. 8. — Specimen UP after rolling. 

X 50. X 50. 

survived, Fig. 9. In the right-hand top corner and right-hand bottom 
corner where new grains had appeared through self-annealing during roll- 
ing, no serious fresh change has occurred, although the fact that the speci- 
men had now been etched six times necessarily altered somewhat the 
general appearance of the surface. 

The specimen was then given a series of anneals at higher tem- 
peratures, namely: 

Fifth anneal 3 hr. at 205° C. 

Sixth anneal 2 hr. at 224° C. 

Seventh anneal 8 hr. at 225° C. 

Eighth anneal 6 hr. at 223° C. 

After the fifth anneal, a considerable change had taken place, nearly 
the whole area being occupied by one grain; the structure at this stage is 
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somewhat ill-defined and difiicult to make out, but during the seventh 
and eighth anneals, the position becomes clearer. The final structure 
of the area, attained after the eighth anneal, is shown in Fig. 10. Practi- 
cally the whole of the area corresponding to that shown in Figs. 7, 8, 
and 9 is part of one huge grain, but the beginning of another large grain 
is seen on the left-hand bottom comer. Just outside the limits included 
in the photograph, several quite small grains still survive; it is by means 
of these that we can be sure that the area included in Fig. 10 is that 
shown in Figs. 7, 8, and 9. 



Fig. 9. — Specimen UP after fourth Fig. 10. — Specimen UP after eighth 
ANNEAL. X 50. ANNEAL. X 50. 


The absorption of the whole area by one grain is due not to the expan- 
sion of a grain from within the area, but to invasion from outside. This 
is shown by approximately natural size photographs comprising nearly 
the whole specimen. Fig. 11 (a) shows the structure after the fourth 
anneal (the same stage as Fig. 9) ; already in one place some large grains 
have arisen, and one of them overlaps into the marked area. In (6) 
is shown the structure after the fifth anneal, the illumination being altered 
slightly to emphasize the newly arrived large grains. Several fresh large 
grains have arisen and the marked area is now mainly occupied by large 
grains. View (c), taken after the sixth anneal, shows the further forma- 
tion of large crystals; more than half the whole specimen is now occupied 
by these huge grains. After the seventh anneal the whole specimen 
consists of large grains, with a few small ones embedded in them, as shown 
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in (d). The specimen was photographed after the eighth anneal, but 
no appreciable change had occurred. 

It should be noticed that this formation of largo crystals in a specimen 
that has already undergone complete recrystallization must involve the 
destruction of new (and presumably undistorted) crystals. It must 
probably, therefore, be distinguished from the crystal growth observed 
by Carpenter and Elam in antimonial tin, wherein some of what are 
apparently the original grains grow at the expense of others. It seems, 
however, to be closely analogous to the effect noticed by Carpenter and 
Elam^® in aluminum, a metal in which the atoms are arrayed on the 
same type of space lattice as in lead. They write ‘‘recrystallization is 



(a) (6) (c) (d) 

Fig. 11. — Photograph of entire specimen UP: (a) After fourth anneal, (h) 

AFTER FIFTH ANNEAL, (c) AFTER SIXTH ANNEAL, {d) AFTER SEVENTH ANNEAL. 


complete in 1 hr. at this temperature (550° C.). The crystals increase 
slightly in size up to 3 or 4 days. After this, a few large crystals begin 
to appear on the surface of the sheet. They are so far apart that many 
sections might be taken before including one of them. In a week, 
however, the sheet is largely composed of them, with small unchanged 
crystals between. Some of the small isolated crystals seem to persist 
indefinitely.’’ We noticed this persistence of small isolated crystals 
within the large grains in lead also; they are clearly shown in Fig. 11 (d). 

In the earlier stages of the changes, we were greatly helped in securing 
correct superimposition when comparing the photomicrographs repre- 
senting different stages, by the fact that if the specimens were etched 


H. C, H. Carpenter and C. F. Elam: Jnl. Inst. Met. (1920) 24 , 123. 
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rather heavily before an anneal and lightly after the anneal, the photo- 
graph showed not only the new grains, but, more faintly, the boundaries 
of the old. If the specimen was then etched more heavily, the old bound- 
aries disappeared entirely, the new structure being shown even more 
clearly than before. As an example three photographs of part of the 
specimen TB are shown in Fig. 12. The structure after rolling is shown 
in (a), the same area after annealing for 2 min. at 125° C., with light 
etching in (6)., and in (c) the specimen after it was again etched for 3 
min. View (6) is, in effect, a ‘‘composite photograph^' of (a) and (c); 
in it, the new grains of (c) are clearly visible, but the old boundaries of 
the grains of (a) are also traceable in places. The reason is that the 



(a) ( h ) (c) 

Fig. 12. — Specimen TB: (a) After rolling, (6) after anneal and light etching, 
(c) AFTER 3 MIN. RE-ETCHING. X 50. 


system of facets and pittings produced by the etching before annealing, 
were not obliterated completely either by the anneal or by the compara- 
tively light etching that followed it. It was, however, obliterated by 
the exceptionally lengthy etching (3 min.) to which the specimen was 
afterward subjected. But for the occurrence of double boundaries, we 
should have had great difficulty in interpreting the photographs of the 
specimens that had undergone complete recrystallization. 

A complete series of prints showing every specimen in each stage of 
the treatment at which a photograph was taken was prepared, and a 
careful comparison was made between the prints representing different 
stages. In general, the comparison was made between the first and 
last photographs; but where there were two successive types of trans- 
formation (e. g. recrystallization of the area, followed by the invasion of 
the whole area from outside), the pairs of prints representing the first 

ypji. Lxxi.— 41 
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and last stages in each type of transformation were compared separately. 
Every grain in the print representing the first stage was looked for in the 
print representing the last stage, and was recorded as being ‘^unchanged,*' 
or as having grown,” “shrunk,” or “disappeared” altogether. 
Each grain, after consideration, was marked in red ink in both prints, to 
avoid being counted twice. Any fresh grains that appear in the final 
print but could not be identified with any in the first print were recorded 
as “new grains.” The results are summarized in Table 1. 

The identification or non-identification of the grains in most cases 
presented no great difficulty, but in some cases there was considerable 
doubt as to whether a certain grain in the final state was really identical 
with a certain grain in the first photograph, or whether it was an altogether 
new grain. The darkness or lightness of the grain, the general arrange- 
ments of the striations, facets, or pittings produced by etching, were useful 
means of identification; in cases where the change was not too great, the 
general shape of the grains could be taken into account. 

In doubtful cases, the photographs showing the old and new grains 
superimposed (obtained by light etching) proved very useful. It was 
noticed (both by the authors and previously by Carpenter and Elam^^) 
that a grain could invade one neighbor and simultaneously be invaded 
by another. 

Apart from errors of judgment, one inevitable cause of error may 
come in; some of the grains recorded as “new grains” may actually be 
old grains that in the first state failed to reach the surface but which 
grew up to the surface during annealing. But if it should be argued that 
all cases recorded here as grain births should properly be considered as 
grain growths, the reply is that in many cases (owing to the small thick- 
ness of the specimens) the number of submerged grains available to 
sprout upwards would not be sufficient to supply the number of ‘‘appar- 
ent births” observed. Nor would it be at all easy to imagine that 
grain growth, so rare on the surface, should be so common in the interior. 
The error due to the cause mentioned is probably not great. 

It occurred to the authors as just possible that the comparatively 
infrequent cases of “grain growth” might be illusory, being for instance 
cases of mistaken identity; but it is somewhat difficult to accept this 
view. In some instances, a grain was observed to grow only into one 
of its neighbors, its shape (often very characteristic) remaining unchanged 
on all other sides; in such cases, there is no doubt but that we are observ- 
ing one and the same grain. In order to see whether the apparent growth 
of grains might not be due to the removal of a perceptible slice of the 
surface, which might cause an apparent shift in the position of the bound- 
ary in cases where the intergranular surface was not perpendicular to 


H. C. H. Carpenter and C. F. Elam: Jvl. Inst. Met. (1920) 24, 103. 
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Table 1. — Results of Investigation 


Specimen 

and 

Area 

Mark 


Identifiable Grains 

N on-identifiable 

Treatment 

Un- 

changed 

Grow- 

ing 

Shrunk 

Old 

Grains 

Disap- 

peared 

New 

Grain 

peared 

UA 

Squeezed three times for 2 min. each be- j 
tween celluloid in vise; annealed 2 
min. at 100° C. then 2 min. at 175° C. j 

7 

0 ; 

1 

6 

0 

4 

UB 

Squeezed 2 min. in vise; annealed 2 j 
min. at 207° C. then 10 min. at 
208° C. 1 

31 

4 

9 

8 

11 

UE 

Deeply indented with marking tool,} 
and annealed 2 min. at 207° C. | 

25“ 

0 

0 

82 

80 

UF 

Lightly indented i^nth marking tool, 1 
and annealed (2 min.each) at 100°, , 

137°, 168°, 185°, 201°, and 223° C. 

156 

0 

0 

0 ; 

0 

UI 

Deeply indented with marking tool j 
and annealed 3 min at 100° C. (pro- ] 
duces no change) then 2 min at 120° C. ' 

0 

0 

' 0 

1 

68 1 

69 

UJi 

Deeply indented with marking tool, ■ 
and annealed for 2 min at 110° C , 2 
min at 109° C , 2 min. at 116° C. i 

i 

>3 

numerous j 
small 
grains 1 
also un- 1 
changed 1 

1 

2 

I 

7 

UJa 

As UJi but indent less deep. 

16 ! 

: 0 1 

8 

7 j 

j 10 

UKs 

As UJ 2 , but indent still less deep 

3 

0 1 

8 

1 

7 

UK4 

Less indented than UKs Annealed (2 
min. each) at 110°, 109°, 116°, 122°, 
150°, and 218° C. 

30 

0 

3 

1 

2 

UN, , 

j Deeply indented with marking tool and 

5 

2 i 

1 » 

14 

17 

UNa 

1 annealed at 110° for 5 min (no change 

0 

! 0 

0 

42 

44 

UN 3 J 

1 produced) then at 164° C. for 5 min. 

0 

1 ! 

! 6 1 

1 19 

15 

uo 

j Rolled to 3 5 per cent, elongation; an- | 
1 nealed 5 min at 110° C. 

0 

0 

1 

1 16 

16 

UP, early 
stages 

Rolled to 24 per cent, elongation; an- 
nealed 5 min. at 125° then 30 min 
at 158°, 1 hr. at 160°, 3 hr at 190° C. 

0 

0 

0 

51 

98 

UP, later 
stages 

3 hr at 205°, 2 hr. at 224°, 8 hr. at 
215°, 6 hr. at 223° C. 

13 

! 0 

0 

85 

11 

URi, early 


0 

0 

0 

39 

102 

stages 







URi, later 
stages 

URj, early 
stages 


1 

0 

0 

101 

20 

Rolled to 95 per cent, elongation and 
given same thermal treatment as UP 

0 

0 

0 

50 

135 

URa, later 
stages 

with omission of final anneal (6 hr. at 
223° C.) 

27 

3* 

3 

/ about \ 
\ 75 / 

15 

URi, early 


0 

0 

0 

75 

129 

stages 







URs, later 


43 

3 

1 

7 

15 

stages 







RQ 

Area defined by pinholes, rolled until 
surface is just “smeared," annealed at 
100° C. for successive periods of 2 
min., 2 min., 2 min., and hr. 

2 

K?) 

5 

13 

18 

TB 

Rolled to 10 per cent, elongation and 
annealed 2 min. at 125° C. *■ 

0 

2 

0 

10 

25 

TC 

Squeezed six times for min. each be- 
tween celluloid in vise, annealed (for 2 
min. each) at 164°, 189°, and 211° C. 

39 

0 

0 

0 

0 


o A Bone of small srains Tunnins right across the original has remained unchanged, all other ori^nal 
grains have disappeared. 

* One grain has grown on one side but shrunk on another. 
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the surface of the specimen, special experiments were performed. Photo- 
graphs of the same specimen were prepared after a short etching and after 
very prolonged etching, and compared with one another. It was found 
that etching continued for a time greatly exceeding that used in the 
main series of experiments produced no measurable movement in the 
grain boundaries. 

A consideration of the numbers given shows that “ chance comes into 
the lives of grains quite as much as into the lives of men. The greater 
the deformation and the higher the temperature of annealing, the greater 
is the probability that within a given small area a change will be produced ; 
thus as the deformation and the annealing are made more severe, the 
number of unchanged grains diminishes and the cases of disappearance 
of old grains and birth of new grains increase. 

The principal new fact disclosed by the research is that the cases of 
the grain growth of original grains are extremely scarce; the main form of 
change is the formation of new grains, which grow at the expense of the 
old ones and, in extreme cases, cause the old ones to disappear altogether. 
Thus recrystallization and not grain growth is the main mode of reorgani- 
zation in lead. It seemed to us that the new grains generally arose from 
the boundaries of the old grains, and often from places where three grains 
met, but we do not wish to be definite on this matter. A very important 
point shown by the work is that it is absolutely necessary to study the 
fortunes of each individual grain in the area in order to arrive at the extent 
of the change. In many cases, the number of new grains born in an area 
was approximately the same as that of the old ones that had perished ; if a 
measurement of average grain size alone had been used as a criterion of 
change (as is so often done) these cases would have been recorded as 
showing no change. 

The changes observed at temperatures below about 200° C. are well 
in accordance with the general view of the formation of nuclei in the dis- 
organized material, as set forth earlier in this paper. The greater the 
deformation, the greater is the amount of disorganized matter, and con- 
sequently the greater is the probability of the birth of new grains; the 
probability increases, ceteris paribus, as the temperature is raised. But 
the formation of large grains observed by us above 200° C. in lead, and 
the analogous phenomenon observed by Carpenter and Elam in aluminum 
after recrystallization, are more difficult to explain. If we are right in 
thinking that this second type of change usually sets in when the original 
recrystallization is really complete, and when the metal consists only of 
new and perfect grains, free from internal stresses, one of two explanations 
is possible. It may be supposed that a small amount of fresh deformation 
is produced accidentally in handling the specimen; it must be remembered 
that the degree of deformation needed to cause structural changes in lead 
when heated above 200° C. or in aluminum when heated at 550° C. 
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is proba!)ly very small. This explanation, however, is not easy to accept, 
as accidental deformation, if sufficiently widespread to cause change 
throughout the whole specimen, would be likely to be intense at some 
places at least, and a local zone of quite small grains would be expected ; 
this fine zone is not obtained. Yet the only alternative is to suppose 
that in lead above 200® C. (and presumably in aluminum at 550° C. 
also) stress is not needed to produce grain growth; this conclusion would 
be of interest, in view of the fact^ that cast cadmium undergoes struc- 
tural changes at high temperatures, without the application of mechanical 
stress. 

It would appear therefore convenient to distinguish two types of 
change in lead: (1) Changes noticed at low temperatures, which are com- 
paratively rapid, often becoming complete within a few minutes, and 
which depend on the previous deformation of the material; these are best 
explained as cases of reorganization of the disorganized material: (2) 
changes noticed at higher temperatures (above 200° C.) leading to the 
spreading of a few large crystals over the whole specimen; they usually 
take several hours to complete. These changes seem probably not to be 
the direct result of the original mechanical deformation. 

Our main observations confirm the observations of Ewing and Rosen- 
hain^^ on annealing changes in lead; the differences met with may be 
ascribed to the fact that our method of working, chosen specially to give 
results capable of yielding statistical evidence, was somewhat different 
from that adopted by those experimenters. 

Influence of Degree of Deformation and Annealing Temperature 

ON Structure 

A study of Table 1 enables us to conclude that lead conforms to the 
generally accepted principles of recrystallization in two important 
respects. First, the greater the deformation, the greater is the change 
produced; the proportion of grain births, grain deaths, and grain shrink- 
ages increases with the deformation, while the proportion of unchanged 
grains decreases. Second, the temperature required to produce a change 
sinks as the deformation increases; if the deformation is sufficient, recrys- 
tallization may occur at ordinary temperatures. 

However, to obtain rather more precise information regarding the 
self-annealing qualities of lead, a special series of experiments was per- 
formed, in which strips of lead were rolled to different elongations, a 
marked area being photographed before and after the rolling; the photo- 
graphs were then compared and the number of grains recognizable in 
both were counted. As pronounced rolling necessarily shortens the 

« M. Cook: Trans. Faraday Soc. (1923) 19, 43. 

J. A. Ewing and W. Rosenhain: Phil, Trans, [A] (1900) 196, 284. 
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dimensions of the grains in one direction, and lengthens them in another, 
it was not possible to classify the identifiable grains further as being 
unchanged, growing, or shrunk. The results are shown in Table 2. 


Table 2. — Results of Self-annealing of Lead 


Specimen 

Mark 

Percentage 

Elongation 

Old Grains 

Recognizable 

Old Grains 
Disappeared 

New Grains 
Appeared 

XA 

5 

158 

0 

0 

XB 

10 

53 

1 

3 

XC 

20 

18 

21 

30 

XE 

30 

5 

(greatly distorted) 

136 

115 

XF 

40 

about 5 (recognition doubtful 
owing to great distortion) 

127 

164 

XG 

50 

0 

50 

130 

XH 

64 

0 

79 

122 


The results show that in the specimen subjected to only 5 per cent, 
elongation, all the grains in the area can be recognized afterwards; but 
that with deformations of 30 per cent, or over, nearly complete recrys- 
tallization occurs at ordinary temperatures. Thus lead is not in any 
absolute sense a seh-annealing metal; it only undergoes self-annealing if 
deformed sufficiently. This explains a phenomenon that has been noticed 
in lead during the present research, and had previously been observed 
by one of the authors in cadmium. The first effect of rolling is percepti- 
bly to harden the metal, as indeed is the case with most metals; but after 
a certain point the metal becomes soft again. Undoubtedly this is 
because metal at that point has become sufficiently deformed for self- 
annealing to set in at ordinary temperature. 

It should, of course, be noticed that it is wrong to speak of a “critical 
deformation” just sufficient to produce recrystallization at room tem- 
peratures. As we increase the deformation gradually from 5 to 30 per 
cent., the proportion of old grains that survive the treatment gradually 
falls from 98 to 3 per cent. 

The work of Norbury,®® published after the completion of our experi- 
ments, is in close agreement with our work as regards the value of the 
deformation needed to produce spontaneous annealing in lead, although a 
different method was used. Norbury measured the Brinell hardness of 
specimens of hammered lead at various times after the completion of 
hammering; he found that lead reduced by 10 per cent, lost its work hard- 
ness only very slowly and very partially. Where the reduction had 
been 15 per cent., a greater fraction of the work hardness was lost, but the 


A L. Norbury: Trans. Faraday Soc. (1923) 19, 140. 
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loss was comparatively slow. Lead hammered to 30 per cent, reduction 
lost its acquired hardness quite rapidly and very completely. 

It seemed profitable to make a study of the annealing temperature of 
tin, another metal which is often loosely described as possessing self- 
annealing properties. Specimens of tin with certain areas photographed, 
were rolled to various elongations (4, 8, 15, 28, 53, and 110 per cent.), 
kept for 8 days at ordinary temperatures, and again examined. They 
were then subjected to the following annealing operations in turn, being 
examined and, if considered necessary, photographed, after each anneal; 
the first four anneals were carried out by immersion in heated aniline. 

First anneal 35 min. at 40- 45° C. 

Second anneal 30 min. at 71- 76° C. 

Third anneal 30 min. at 100° C. 

Fourth anneal 40 min. at 160° C. 

Fifth anneal 15 min. at 210-220° C. 

The structure of the rolled tin was extremely hazy, and rendered 
statistical study quite impossible. In the specimen with 15 per cent, 
elongation, the structure was so poor that, after the first anneal, it was 
not considered worth while to proceed with this specimen. Apart from 
this fact, rolling necessarily deforms the grains, which become perceptibly 
elongated in one direction, and this would in any case render identifica- 
tion difficult. However, it was possible to ascertain that in the specimens, 
which had received 4, 8, and 28 per cent, elongation, nearly all the more 
conspicuous grains present before the rolling were present after the rolling. 
Apart from the distortion referred to, there is no certain indication that 
any change of structure had occurred at ordinary temperature. In the 
case of the specimen rolled to 53 per cent, elongation, only 5 out of 64 
original grains could be recognized after rolling; but this may have been 
due, at least in part, to the general disorganization of the whole area; 
in the specimen elongated to 110 per cent., none of the original grains 
could be recognized. Whether this was due to self-annealing or not, it 
has been made clear that tin does not undergo serious self-annealing at 
ordinary temperature, if the deformation has been only moderate. 

Even the first two anneals (at 42° and 73° C.) produced no serious 
changes of structure. The specimens rolled to 28 and 53 per cent, elonga- 
tion, however, showed a marked change of structure on annealing at 
100° C., while those elongated 4 and 8 per cent., respectively, showed no 
change until the fourth anneal at 160° C. The change of structure, 
when it did take place, was very marked; the haziness disappeared 
and new (or apparently new) grains much larger than the original grains, 
and fairly well defined, appeared. In the case of the specimen with 
4 per cent, elongation, the change of structure was very striking, and was 
visible to the naked eye. When this specimen was etched after the 
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fourth anneal, the ill-defined structure, due to a fine debris of grains, was 
observed to clear away, and a clean well-defined series of large, glistening 
grains appeared. Photomicrographs at this stage showed the boundaries 
both of the old and the new grains, as in lead, but, after the fifth anneal 
and further etching, the double boundaries had disappeared and the new 
grains (the boundaries of which had scarcely altered) alone were seen. 
After the last anneal, ihe specimens were placed side by side and photo- 
graphed (Fig. 13). The grain size varies with the deformation according 
to the usual rule, being greatest in the least deformed specimen. 

A series of experiments was then carried out with cadmium, with a 
view to ascertaining the effect of varying the degree of deformation and 
the annealing temperature on the grain size. It appeared important 
that the specimens should be brought rapidly to the requisite temperature 



4 8 28 53 110 

Per Cent. Deformation 

Fig. 13. — Tin specimens after progressive annealing. X 0.6. 


and the oil-bath method was found to be suitable. Six degrees of defor- 
mation (5, 10, 15, 20, 35, and 50 per cent.) and five temperatures (55°, 
75°, 101°, *137° and 174° C.) were employed. Photomicrographs were 
prepared of representative areas on all the 30 specimens and, after examina- 
tion, the prints were pasted upon cardboard, and the series again photo- 
graphed, so as to reproduce the whole on a reduced scale, Fig. 14. 

The results show clearly that at low annealing temperatures, the 
grain size decreases as the degree of deformation increases. This is 
explained on the supposition that recrystallization occurs in the dis- 
organized material, the amount of which increases with the deformation; 
evidently at low temperatures, deformation is necessary for structural 
change on annealing. But they show also that at higher annealing tem- 
peratures, the grain size attained depends very little on the deforma- 
tion, which again seems to afford support for the view already suggested, 
that the production of coarse grains which occurs at comparatively high 
temperatures is a process independent of the existence of stresses or 
deformity in the crystals. 
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After all, there is nothing remarkable in the supposition that deforma- 
tion is necessary for structural changes at low temperatures but not at 
high temperatures. Undoubtedly the only entirely stable condition of 
a piece of metal will be a state in which the whole specimen is one crys- 
tal; in a poly crystalline specimen the change of alignment of atoms at 
the boundaries of the crystals must represent a departure from the condi- 
tion of maximum stability. A small decrease of energy (namely the 
interfacial energy originally resident at the intergranular boundaries) 
will occur where a polycrystalline specimen undergoes change to a 
.monocrystalline specimen, although this decrease of energy will be far 



5 10 15 20 35 50 

’ Per Cent. Elongation 

Fig. 14. — Grain size of cadmium deformed and annealed under different 

CONDITIONS. X 8. 

smaller than would occur if a deformed or shattered crystalline specimen 
were to pass to the perfectly orientated crystalline condition. It is quite 
to be expected that the change involving the large decrease of energy 
may occur at quite a low temperature, the temperature being lowest when 
the shattering or deformation is most severe, but the change involving only 
a small decrease of energy (^. e., the change of an undeformed poly crys- 
talline specimen to the monocrystalline state) will only occur at higher 
temperatures not very far below the melting point, that is to say, tem- 
peratures at which the atoms begin to have oscillations of consider- 
able amplitude. 

The results of the work on cadmium give no indication of the exis- 
tence of the alleged allotropic change about 60° C. 
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DISCUSSION 

M. F. Fooler,* Chicago, 111. (written discussion). — The authors have 
apparently overlooked a paper by R. S. Dean and W. E. Hudson,®^ which 
attempts to cover the grain growth of a soft metal from a quantitative- 
statistical standpoint. The work of these investigators indicates that a 
more satisfactory analysis of the effect of increased temperature on grain 
growth in a uniformly deformed specimen may be arrived at than that 
given in the paper under discussion. They show that an increase in 
temperature does not greatly affect the velocity constant of grain growth, 
if that velocity is capable of expression by the equation of a monomo- 
lecular reaction. The apparent increase in velocity of grain growth with 
temperature is, according to their views, due almost entirely to the effect 
of temperature on the ultimate or equilibrium grain volume. This 
grain volume is an exponential function of the temperature and may 

—A 

be expressed by an equation of the form V = Be j, where B and A are 

constants and T the absolute temperature. The exponential form is 
arrived at by assuming a maxwellian distribution of energy among the 
atoms that have been affected by the deformation and considering that 
only those with more than a certain critical energy will undergo grain 
growth. Their experimental work on lead-antimony alloy seems to 
justify this method of analysis of grain-growth phenomena and further 
work done in the Western Electric laboratories on similar alloys is in 
accord with this mode of analysis. 

♦ Metallurgical Engineer, Western Electric Co. 

Amer. Chem, Soc. (August, 1924). 
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Eutectic Patterns in Metallic Alloys 

By C. H. Green,* Minneapolis, Minn. 

(New York Meeting, February, 1925) 

Recently two papers on the structure of eutectics were read before 
the British Institute of Metals, one by F. L. Brady^ and the other by A. 
Portevin.2 In the preparation of photomicrographs of laboratory speci- 
mens as illustrations for student work, and in connection with various 
researches, the writer has been working along the same line for some time 
and, therefore, was much interested in the results given, especially those 
of Portevin. He has correlated the information on the subject and has 
outlined a broad scientific basis for future work along this line. It is 
largely with the idea of adding something by way of illustration to the 
work already done that this paper is written. 

The eutectic is generally understood to mean the alloy having the 
lowest melting point of any alloy of the system, and in which the melt 
becomes supersaturated with reference to the two or more phases which 
separate out simultaneously or alternately. From the surface pattern, 
the eutectic means a structure with no primary crystals. It is not always 
easy to get the exact eutectic composition in making any alloy; in fact, a 
slight range in composition may be expected and some of the coarser 
particles may be richer in either of the composing metals. Even when 
chemical analysis shows the right composition, differences in density of 
the pure metals may cause segregation, or supercooling resulting from 
different crystallizing properties may give a surface pattern the appear- 
ance of being on one side of the eutectic point. However, the alloys on 
either side of the eutectic composition, showing primary crystals of 
one of the phases and the effect of the proeutectic form on the surface 
pattern of the eutectic make a very interesting study, which is slightly 
touched upon in this paper. 

The phases, or microconstituents, of a eutectic may be pure metals 
(Pb-Sb, Tl-Au), solid solutions (Cd-Zn), a pure metal and a solid solution 
(Ag-Sn), or a pure metal or solid solution with an intermetallic compound 
(Sb-Mg, Sb-Cu, As-Cu, Bi-Te, etc.). 

* Assistant in Metallography, University of Minnesota. 

1 Jnl, Inst. Metals ( 1922 ) 28, 369 . 

* Jrd, Inst. Metals ( 1923 ) 29, 239 ; Engineering ( 1923 ), 116, 447, 477, 505. 
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Preparation of Specimens 

Melts were made up in the metallographic laboratory of the School of 
Mines with the usual precautions. All specimens were cooled sufficiently 
slowly to have an annealing effect. No effects of long annealing or of 
chill casting have been taken into account. The compositions given 
are the intended compositions and not the results of chemical analyses. 
Unless otherwise stated the values are in weight per cent. No attempt 
has been made to work out constitution diagrams or to find the exact 
composition of the eutectics, but diagrams given in the literature have 
been taken as an indication of the constituents present when confirmed 
by microscopic examination. 

Magnifications and Etching Reagents 

As fineness of grain or of eutectic colony depends on rate of cooling, 
velocity of crystallization, etc., any magnification has been used that 
will clearly show the pattern, usually X 75, X 100, X 150, or X 200. 
Usually, several etching reagents were tried on the specimens but only 
the one finally used to bring out the structure is listed with 
the photomicrograph. 

Classification 

From the standpoint of morphology of the eutectic, by which is 
understood the form or shape and relative distribution of the particles or 
elements, Portevin gives the following classification : 

Type I. Regular crystals. 

Type II. Dendrites or skeleton crystals: (a) Regular dendrites; 
(6) irregular or badly formed dendrites; (c) skeleton crystals or partly 
formed crystals. 

Type III. Arrangement in eutectic colonies or complex grains. 

1. A diverging or radiating variety in which the particles thicken out 
toward the ends. Spherical. These particles in the colonies may 
be: (a) Rounded, dotted, or spheroidal; (6) flattened, or in more or 
less wavy sheets; (c) branching, producing a dendritic appearance in the 
peripheral zones. 

2. The fanlike variety, with slightly divergent particles contained 
within a narrow cone. Conical. 

3. Parallel-clustered variety, occurring as minute rods grouped 
together in parallel arrangement. 

Type IV. Granular. Not found in metallic eutectics and later 
disregarded. 

Obviously, other types may be discovered in the study of eutectics; 
the boundaries between these types are not clearly marked as yet and 
there seem to be transition forms. Apparently, however, every eutectic 
conforms to some ideal type, determined largely by the properties of the 
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pure metals making up the system, and when we have finally taken into 
account all the influencing factors and have found the true type of any 
eutectic, that type is fixed and, though there may be slight temperature 
and concentration variations during solidification which affect the relative 
amount of each constituent deposited and the size of the colonies in 
different parts of the specimen, these variations will be subservient to 
the typical development of any system and will easily be recognized as 
such. Further study should also show the effect of chill casting or of 
long annealing on the pattern in any particular type. 

Type I. Regular Crystals 

It is not niy intention to discuss every type and variety mentioned, 
but to add a few illustrations of the types given and to suggest some 
slight changes in the classification. No illustration of Type I is given. 

Type II, Dendrites or Skeleton Crystals 

Lead-bismuth and bismuth-tin are given as examples of Type II. 
Lead and bismuth (Figs. 1 and 2) form two solid solutions, a a solution 
bismuth in lead up to some 20 or 30 per cent, and P a solution of lead in 
bismuth to approximately 1 per cent. In the photomicrograph, the light 
constituent P is almost pure bismuth. Two fields are shown, both 
found in one specimen and both typical, but Fig. 2 shows the formation 
cut at a different angle. In the bismuth-tin alloy (Figs. 3 and 4) the light 
colored areas are practically pure bismuth which forms skeletons around 
which the tin-rich solid solution is disposed. The surface patterns of 
bismuth-lead and bismuth-tin eutectics are very similar, both showing 
the same angularity of design and both showing the predominating influ- 
ence of the bismuth. Brady^ puts these in the angular class but admits 
that these eutectics may almost be called ‘‘dendritic” type; Desch^ says 
they are characterized by boxed forms or simple polyhedral crystallites 
divided transversely by parallel bands; Porte vin^ calls them a transition 
form between Types I and II, showing some regular dendrites and some 
areas “regularly formed in such a manner that the shell or layer repro- 
duces a cubic or pseudo-cubic crystal.” It appears to the writer that 
Type II should cover angular forms, dendrites whether regular or irregu- 
lar, skeleton forms, and any like formation. 

Type, III. Eutectic Colonies 

The term “spherulitic” is most applicable to this type of structure 
even though few perfect spheres are found. The “madreporic” structure 
of Portevin, named from the resemblance to the growth of a coral polyp 


^Loc. cit. 


* Metallography,"^ 186 . 


^ Loc. cit. 
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Figs. 1 and 2. — Alloy containing 57 per cent, bismuth and 43 per cent. lead. 
X 100. Etched with conc. HNO 3 . 



Fig. 3. Fig. 4. 

Figs, 3 and 4. — ^Alloy containing 58 per cent, bismuth and 42 per cent. tin. 
X 100. Etched with conc. HCl. 
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and illustrated by a branching treelike growth from the outside of the 
crucible charge to the center is, in some cases at least, the result of chill 
casting. Brady® uses the same form of illustration to show the rodlike 
growth of a eutectic and quenched his alloys. He says “by quenching 
molten eutectic alloys similar structures can be obtained in many other 
cases, and this rodlike (stabchen) structure has been produced in lead-tin, 
zinc-tin, and copper-silver eutectics . . It has also been observed 
in this laboratory that such structures could be produced by chill casting, 



Fig. 5. — Alloy containing 30 per Fig. 6. — Alloy containing 82 per 
CENT. CADMIUM AND 70 PER CENT. TIN. CENT. CADMIUM AND 18 PER CENT ZINC. 

X 100. X 100. 

Etched with 10 per cent. HNO3. 


for example in cadmium-zinc alloys. Furthermore, a similar growth 
has been found in eutectics that do not show typical eutectic colonies in 
the microstructure. However, Type III has certain distinguishing 
characteristics — complex grains or crystalline colonies having the interior 
of a finer structure than the outer layers which are enlarged and coarsened. 

It seems that one variety, the spherical, should cover Type III, as 
it is the spherulitic type. The differences in the patterns come from the 
different forms or arrangements of the particles within the colony. 
Cadmium-tin, cadmium-zinc, tellurium-tin, and white cast iron furnish 
good examples of this type. 


•Z/oc. cU, 
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Fig. 7.— Alloy containing 86 per Fig. 8.— Same alloy as in Fig. 7. 
CENT. TELLURIUM AND 14 PER CENT. TIN. X 1000. 

X 100. 

Etched with 10 per cent. HNO3. 



Fig. 9.— White cast iron. X 60. Fig. 10.— White cast iron. X600. 

Etched with picric acid. 
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The miscibility of tin and cadmium is low. Schleicher^ says cadmium 
dissolves practically no tin in the solid phase, so the light constituent in 
the photomicrograph (Fig. 5) is practically pure cadmium with here and 
there an area of primary cadmium crystals separated out because of the 
supercooling of the tin. The colonies are clearly shown with fine parallel 
or wavy lines in the center and a thickening of the outer portions giving 
in many places a fanlike border. 

The cadmium-zinc eutectic is the most common illustration of this 
form (Fig. 6). The pattern is practically the same as the cadmium-tin. 



Fig. 11. — Alloy containing 20 per Fig. 12. — Alloy containing 39 per 

CENT. LEAD AND 80 PER CENT. TELLURIUM. CENT. TIN AND 61 PER CENT. MAGNESIUM. 

X 100. Etched WITH 50 PER CENT. HNOs. X 100. Etched with 1 per cent. HCi 

IN WATER. 

The mutual solubility is so low that the light constituent in the photo- 
micrograph is nearly pure cadmium and the dark nearly pure zinc, which 
is attacked by the etching reagent. In some of the colonies, the centers 
have a dotted appearance, depending on the direction of the plane of 
observation to the orientation of the crystal. 

The eutectic of tellurium with the compound TeSn forms one of the 
most striking and beautiful structures of this class examined, see Figs. 
7 and 8. Whole series of eutectic colonies are plainly visible with a 
variety of parallel bands, wavy plates, and fan formations. The light 
ground mass is tellurium. 

White cast iron, theFe-Fes C eutectic, is too well known to need discus- 
sion; Fig. 9 shows the arrangement in eutectic colonies. It also shows 


I nL JnL Metallog,, 2 , 76. 
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the rodlike arrangement that has led to calling this a ‘‘cylindrical^ 
variety of Type III. The appearance of the finer particles of the colonies 
is brought out more clearly in Fig. 10. 

Two other systems, lead-tellurium and magnesium-tin, have been 
studied to some extent; these eutectics show some characteristics of both 
Type II and Type III. Lead and tellurium form a compound PbTe that 
is darkened by the etching reagent; see Fig. 11. This compound cuts 
through the gray tellurium ground mass in angular formation and often 
forms dendrites, yet there seems to be a general arrangement in colonies. 



Fig. 13. — Approximately 52 per cent. Fig. 14. — ^Approximately 82 per cent. 

MAGNESIUM AND 48 PER CENT. TIN. X 75. CADMIUM AND 18 PER CENT. ZINC. X 100. 
Relief polish and oxidized. Etched with conc. HNOg. 


Magnesium and tin form two eutectics and one intermetallic com- 
pound Mg 2 Sn. Earlier writers could find no solid solution but Guertler’s 
diagram shows a solubility of tin in magnesium up to about 9 per cent. 
The compound is hard and brittle and shows a crystalline fracture. 
Fig. 12, the eutectic Mg-Mg 2 Sn, shows the colony arrangement that 
seems to be typical, but the particles within the colony tend to form 
angles. These alloys oxidize very easily but by photographing imme- 
diately after etching the compound remained white and only the solid 
solution darkened. 

In eutectic alloys where one phase separates out first and there is 
local crystallization of one constituent, and in near-eutectic alloys, either 
hypo- or hyper-eutectic, the variation from the eutectic pattern is the 
same in all alloys of a given type. For example, lead-bismuth eutectic 
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(Type II) may show excess a (Pb) in some fields and excess 0 (Bi) in 
other fields, but the eutectic areas surrounding and adjoining these 
primary crystals are always angular ; see Fig. 2. The bismuth-tin eutectic 
alloy may show dendrites of excess tin or wider bands or crystals of 
bismuth but they seem to have no effect on the eutectic pattern; see 
Figs. 3 and 4. Magnesium-tin, placed under Type III and showing a 
colony arrangement of the eutectic with angular centers (Fig. 12), retains 
its angularity if there is excess of the compound and the eutectic radiates 
from the crystals of MgoSn. This is shown in Fig. 13 in which the com- 
pound was darkened by relief polish and oxidation. 

In the alloys already given in Type III, it is interesting to watch the 
variation from the pure eutectic form. A general fanlike arrangement is 
always preserved, that is a part of a colony, but the distribution of these 



Fig. 15. — Alloy containing 90 per cent, cadmium and 10 per cent. zinc. X 200. 

Etched with conc. HNO*. 

fans depends on the form taken by the excess phase. In the cadmium- 
zinc alloy, excess zinc may form dendrites from and around which the 
eutectic fans radiate; Fig. 14. If the cadmium is in slight excess, it is 
taken care of in the coarse boundaries of the colonies; but if in greater 
excess, as we go to the cadmium side of the diagram, the excess cadmium 
separates out as primary crystals and the eutectic arranges itself in fans 
around and between the crystals; see Fig. 15. Cadmium-tin shows the 
same tendency to separate out free cadmium crystals and the eutectic as 
tenaciously keeps its radiating form, a fact that applies also to lead-tin 
and arsenic-tin systems, though in the latter case the excess is the com- 
pound AsSn; see Figs. 16, 17, 18. An aluminum-zinc alloy of approxi- 
mately 9 per cent, aluminum and 91 per cent, zinc shows the eutectic 
fans of the zinc-rich phase between the P crystals (Fig. 19) and indicates 
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Fig. 16. — Approximately 30 per Fig. 17. — Approximately 80 per 

CENT. CADMIUM AND 70 PER CENT. TIN. CENT. TIN AND 20 PER CENT. LEAD. 

X 150. X 100. 

Etched with 10 per cent. HNO 3 . 



Fig. 18. — ^Approximately 44 per cent. Fig. 19. — Approximately 9 per cent. 

ARSENIC AND 56 PER CENT. TIN. X 200. ALUMINUM AND 91 PER CENT. ZINC. X 

Etched with conc. HCl. 100. Etched with conc. HNOa. 
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that the aluminum-zinc eutectic belongs to the spherical form, a fact that 
has been observed. 

On the other hand, where the excess phase takes a needle or platelike 
form, as in white cast iron or arsenic-nickel alloys, the needles of FesC and 
plates of a solid solution of arsenic in nickel break up and displace the 
eutectic colonies but act as bases from which the eutectic fans extend; 
see Figs. 20 and 21. 

When studying different systems, it was found that there is a wonder- 
ful similarity of form in the antimony-tellurium, bismuth-tellurium, and 
tin-zinc eutectics. Brady noted that the tin-zinc eutectic failed to follow 
the law of surface tension. Portevin has placed the tin-zinc eutectic in 



Fig. 20. — ^White cast iron. X 100. Fig. 21. — Approximately 20 per cent. 
Etched with picric acid. arsenic and 80 per cent, nickel. X 

150. Etched with 10 per cent. HCl 


IN ALCOHOL. 


Type III, class 2, ‘'a fan-like variety with slightly divergent particles 
contained within a narrow cone.'^ That expression describes all three 
of these eutectics (see Figs. 24, 26, 27) but they do not have the appearance 
of eutectic colonies and it is suggested that they may be considered as a 
separate type — a conical arrangement of one phase in a ground mass of 
the other phase. The microstructure seems to be characterized by 
straight center lines or paths through the specimen from which the cones 
diverge, and by scattered cones. 

In the tin-zinc eutectic, the phases are the solid solution of zinc in 
tin and pure zinc, the latter forming the dark needles in the photomicro- 
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Fig. 22. — ALiiOY containing 77 per Fig. 23. — Alloy containing 77 per 

CENT. ANTIMONY AND 23 PER CENT. CENT. ANTIMONY AND 23 PER CENT. 
COPPER. X 200. COPPER. X 150. 

Etched with aqua regia. 



Fig. 24. — ^Alloy " containing 91.5 Fig. 25. — Approximately 91.5 per 
PER CENT, tin AND 8.5 PER CENT. ZINC. CENT. TIN AND 8.5 PER CENT. ZINC, 

X 100. X 100. 

Etched with 10 per cent. HNOi. 
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graph. When there is considerable excess of the solid solution, instead of 
forming dendrites with the eutectic fans between the crystals it forms a 
ground mass within which the needles of the zinc phase spread out in 
cone formation. Fig. 25 shows the grain boundaries in the solid solution 
and the zinc cones. 

The alloy with 10 per cent, antimony and 90 per cent, tellurium forms 
a eutectic between Sb 2 Te 3 and Te. These alloys oxidize readily but the 
tellurium ground mass darkens first and leaves the white needles of the 
compound standing out in contrast and forming the pattern. Electro- 
lytic etching of this specimen gives the same effect. 



Fig. 26. — Alloy containing 10 per Fig. 27. — Alloy containing 12 per 

CENT. ANTIMONY AND 90 PER CENT, CENT. BISMUTH AND 88 PER CENT. TEL- 
TELLURIUM. X 100, LURIUM. X 100. 

Etched with cono. HNO 3 . 

The eutectic of tellurium with Bi 2 Te 3 is very similar. The gray 
tellurium ground mass remains unaffected by the etching reagent while 
the needles of compound are darkened and form the cones. With excess 
tellurium, the cones become scattered and present much the appearance of 
tin-zinc in Fig. 25. 

The antimony-copper, Sb-Cu 2 Sb, eutectic has been the subject of 
much discussion. Work on the system by Carpenter, Reimann, Braesco, 
Kurnakow, and others indicates that there are two eutectics and two 
compounds in the series and that the miscibility of antimony in copper 
may be as much as 8 per cent., by weight, and of copper in antimony 
not more than 0.5 per cent., by weight. At 77 per cent, antimony- 
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23 per cent, copper, the eutectic is a mixture of Cu 2 Sb and of solid 
solution of copper in antimony or practically pure antimony. Carpenter* 
made a rather complete investigation of the Cu-Sb system and states 
that the eutectic showed a remarkable lack of orientation, but his speci- 
men was annealed for six weeks. Brady says it seems to be in the crystal- 
line class, and shows the triangular crystals of antimony. Desch gives a 
like illustration but also shows long plates of antimony. Portevin places 
it in Type III ‘'with slightly divergent particles contained within a 
narrow cone.’’ 

It appears that copper tends to form eutectic colonies (Cu-Ag, 
CU-CU 2 O, Cu-CuaP, etc.), but antimony has a strong tendency toward 
the angular arrangement. Antimony and Cu 2 Sb are both strongly 
crystalline; hence the eutectic form represents a constant struggle between 
the two phases. Fig. 22 shows eutectic colonies in which the central 
particles are triangular antimony crystals. Some colonies were found 
with banded centers, and many areas showed a strong resemblance to 
the tin-zinc eutectic, see Fig. 23. Morphologically, then, the Sb-Cu 2 Sb 
eutectic might be placed in any one of the types given; probably Type III 
predominates, but further study is needed to decide definitely. 

Summary 

After a careful consideration of the literature on eutectics, especially 
of the two most important recent papers, it appears that there is no 
disagreement in the results. The morphological classification is far more 
comprehensive but consideration of surface tension gives added weight to 
certain groups. In the few instances noted, where it seems the form does 
not correspond to surface tension values, some other property is probably 
in control. Portevin’s Type I, regular crystals, easily covers Brady’s 
crystalline class and is not often found. Every example of Brady’s 
globular and lamellar classes forms eutectic colonies and differs in different 
parts of the same specimen as to whether the central particles of the 
colony are globular or appear lamellar. Type II, dendrites, covers all of 
Brady’s 3A class and probably his 3B class. The following classification 
is suggested: 

Type I. Regular crystals. 

Type II. Dendrites or skeleton crystals. Angular arrangement. 
(One metal has a low surface tension or high cohesion. One constituent 
retains its own crystal form, and acts as the predominant partner. Suc- 
cessive crystallization.) Examples, Bi-Pb, Bi-Sn, Pb-Te, etc. 

Type III. Eutectic colonies or complex grains. Spherical or spheru- 
litic, (Metals of high or medium surface tension. Simultaneous 
crystallization.) Central particles rounded, dotted, parallel straight 
or wavy sheets, rods; possibly angular or triangular. 


Int. Jnl. MetaUog, (1913), 4, 300. 
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Examples, Cd-Sn, Cd-Zn, Tc-Sn, Mg-Sn, Pb-Sn, As-Sn, Al-Zn, etc. 

Type IV. Conical arrangement of one phase in a ground mass of 
the other. 

Examples, Sn-Zn, Sb-Te, Bi-Te; possibly Sb-Cu 2 Sb. 
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DISCUSSION 

Carl Benedicks, * Stockholm, Sweden. — There are so many interest- 
ing photomicrographs in this paper that I think there is reason for going 
slightly more into detail. Fig. 6, for instance, is an extremely beautiful 
and characteristic structure, and it would be of considerable interest if 
some explanation of this structure were given. What is the reason for a 
structure of this kind, very finely divided in the middle and coarser at 
the outside? Probably the structure is due to the fact that when solidi- 
fication started in the middle the whole of this finely divided part came 
at once; then the heat of solidification made the cooling of the outer part 
much slower than the cooling of the center part. 

In order to support this explanation I would refer to Fig. 20, which is 
a case that I studied some years ago. Symmetrically between two flat 
lammellae are two flat crystal colonies, built up by a finely divided 
eutectic structure, but in these crystals periodical differences occur. 
This must be because the solidification of the eutectic did not take place 
in a continual way but proceeded from the upper part so that at a given 
moment the boundary of the eutectic colony has been solidified in this 
way [demonstration]; the heat of solidification must have caused a 
definite arrest of the solidification; then a new portion crystallized, and so 
on. Thus, in order to explain these boundaries, we must consider the 
fact that the heat of solidification must be taken away before a new part 
of the eutectic is able to solidify. I think that the explanation of the 
picturesque structure in Fig. 6 will be a similar one. I should like to add, 
concerning the next to the last line on page 655, that those rounded eutec- 
tic colonies are also very typical in eutectic gray cast iron. There is some 
reason to believe that the rounded structure is related to the fact that the 
crystals of graphite themselves have a tendency for rounded forms. 


Director, Metallographic Institute of Stockholm. 
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Carle R. Hayward,* Cambridge, Mass. — I have obtained exactly the 
structures that Doctor Benedicks has shown in his sketches, in copper- 
silver alloys, which were melted under charcoal in graphite crucibles, 
taken from the furnace and cooled in air. I thought then that very 
likely the cooling would proceed as Doctor Benedicks has indicated, by 
radiation from the top, solidifying from the top and perhaps from the 
center rather than from the wells of the crucible. The walls were fairly 
thick and it is more than likely that there was more rapid cooling by 
radiation from the top, which would undoubtedly bring about the crystal- 
lization from various points. The structure was exactly the same as has 
been indicated in Figs. 5 and 6. I have wondered if that was the way 
in which the various specimens shown in the illustrations were prepared. 

G. E. Dalbey,! East Berlin, Conn, (written discussion). — A recent 
publication covering a babbitt that is being put on the market states 
that a special method of alloying gives a decidedly superior structure to 
this alloy. Photomicrographs with magnification of 100 diameters show 
this special alloy to have a decidedly superior structure over a babbitt of 
the same analysis, the analysis in both cases being tin 88.9 per cent., 
antimony 7.4 per cent., and copper 3.7 per cent., which is an ordinary 
genuine babbitt. 

The photomicrograph of the special babbitt shows a very fine struc- 
ture with no decided crystals of the antimony-tin type. It shows all 
constituents of the babbitt to be thoroughly disbursed. The photomicro- 
graphs of the ordinary genuine babbitt shows the cubic crystals of tin- 
antimony and also shows a decided segregation of the constituents. 

The Brinell hardness numbers, as follows, show the decided super- 
iority of the special metal: 

At 70° F. At 212° F* 

Genuine babbitt 23 8 8.2 

Special metal 23.8 12.7 

The structure of this special babbitt is not destroyed by remelting 
and recasting, and it states in the publication that there are no special 
precautions to take in melting and casting this metal over what are used in 
handling ordinary babbitt. It is stated that owing to the elimination of 
the crystalline structure, the special babbitt possesses an unusual degree 
of plasticity. A sample of this metal rolled in a sheet to the thickness 
of about 0.01 in. shows considerable toughness. It is almost impossible to 
tear this sheet and it can be bent a great number of times without break- 
ing. This rolling cannot be done with an ordinary babbitt. It is possible 
under some conditions to bring about a combination of two substances by 

♦ Associate Professor of Metallurgy, Massachusetts Institute of Technology. 

t Metallurgical Superintendent, Stanley Chemical Co. 
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the introduction of the third substance, which does not of itself enter 
into combination. Such a substance is known as a catalytic agent. 

Can anyone suggest the means by which the properties above 
described in this special metal can be arrived at? 

George F. Comstock,* Niagara Falls, N. Y. (written discussion). — 
The author shows some interesting photomicrographs, the metallographic 
technique being of very high order of excellence. The writer would 
question, however, the interpretation of Fig. 5, as given at the top of 
page 657, and also the reference to free cadmium crystals near the bottom 
of page 659 in the discussion of Fig. 16. Some alloys containing cadmium 
and tin have been studied here recently, and it has been found that cad- 
mium is very readily and severely attacked by nitric acid, while tin is 
left comparatively bright. Primary crystals of cadmium had an 
elongated needle-like form in those alloys, and were darkened even before 
etching on account of a sort of tarnish acquired during polishing with 
rouge. Primary tin crystals, on the other hand, remained bright during 
polishing, and had a rounded form like the bright areas in the author's 
Fig. 16. The writer would suggest, therefore, that the light constituent 
in Figs. 5 and 16 might more probably be tin than cadmium, and 
would like to ask what evidence the author has to support the contrary 
interpretation as given in the paper. 

C. H. Green (author's reply to discussion). — The original conclusion 
regarding the microconstituents of the cadmium-tin eutectic was based 
on etching tests rather than on any extended investigation of the system. 
It was observed that when pure cadmium was kept free from tarnish 
during polishing it was not easily attacked by nitric acid, concentrated 
acid being necessary to bring out the grain boundaries. Also, it was 
found that 10 per cent. HCl or a solution of stannous chloride, both of 
which are used to etch tin, gave the same results as found in Figs. 5 and 
16. Also, Fig. 15 shows cadmium crystals untarnished by nitric acid. 
Further investigation, however, of several alloys of the cadmium-tin 
system seems to show agreement with Guertler's theoretical discussion® 
that when cadmium separates out as primary crystals, these crystals, 
because of the coalescing power of cadmium, are not closely sur- 
rounded with eutectic as is the case of primary tin crystals. This 
would indicate that the light phase in Fig. 16 is the tin-rich phase and 
that the cadmium-rich phase is the more rapidly attacked by the etching 
reagent. This coalescing power of one phase is well known in the arsenic- 
copper alloys. This question of the identification of the phases does 
not change the type of the eutectic pattern. It does, however, emphasize 
another factor, i. e. the coalescing power of the primary solid phase. 


* Consulting Metallurgist. 
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which influences the form of the near-eutectic pattern. The author has 
not seen in any of the alloys examined, nor in published photomicro- 
graphs, the needle-like form of cadmium crystals mentioned by Mr. 
Comstock. The general experience has been that these crystals have a 
tendency to take a rounded form such as those shown by Guertler in the 
discussion mentioned. 

Regarding Doctor Benedicks’ discussion of Fig. 6, the author agrees 
with his explanation of the change in size of the particles. It seems 
likely that at the beginning of freezing there may have been a certain 
amount of supercooling and as a result when freezing began the nuclei 
number was very large; that is, the number of crystal nuclei formed 
per unit volume was large and as a result a very fine structure was pro- 
duced. During the freezing of the eutectic, the heat of solidification 
was evolved, and it is entirely possible that there was even a slight 
increase in temperature. This would tend to reduce the nuclei number 
in the remaining melt; and having reduced the nuclei number and 
provided for a slower rate of cooling, the likely thing to expect would be 
increased size of particles. This apparently is what generally happens. 

There seems to be no relation between the orientation of the specimen 
during cooling and the distribution of the fine and coarse particles in the 
eutectic. For example, specimens cooled in the crucible and sections 
cut perpendicular to the vertical axis show these typical colonies; other 
specimens cast in iron molds and the section cut through a vertical plane 
of the casting show the same structures. There is, however, a variation 
in the size of the colonies in different specimens and in different parts of 
a particular specimen, which is apparently influenced by the 
cooling. The above discussion seems to apply also to the remarks by 
Professor Hayward. 
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Determination of Structural Composition of Alloys by a 
Metallographic Planimeter 

By E. P. Polushkin,* New York, N. Y. 

(New York Meeting, February, 1925) 

This work has for its purpose the establishment of a new method for 
determining the structural composition of alloys. The area occupied 
by a constituent on a few representative photomicrographs of the alloy 
is measured, by a planimeter, especially designed for metallographic work, 
and the volume and proportional weight of the constituent calculated. 

Experiments have shown that the results are accurate enough to 
justify the application of the method to many problems 
in metallographic research instead of chemical analy- 
sis. The advantage of the method is the possibility 
of determining the amount of the constituents with- 
out separating them from the alloy; their composition 
may also be determined if the ultimate chemical analy- 
sis of the alloy is known. 

Description of Planimeter 

Suppose Fig. 1 represents a part of a photomicro- 
graph on which the total area of the black figures is 
to be found. By a system of parallel lines drawn 
short equal distances apart all figures may be divided 
into trapezoids. As the area of a trapezoid is equal to 
its median multiplied by its altitude, the relation between the total areas 
of the black and the white figures comprised within each strip is equal to 
the relation between the sums of medians for these figures respectively. 
This is also true for the whole area of the photomicrograph. Therefore, 
to determine the total areas of the black and white figures we must first 
find the proportion between the sums of the medians and then divide the 
area of the whole photomicrograph in the same proportion. 



Fig. 1. — Part op 

PHOT OMICROORAPH 
ON WHICH TOTAL 
AREA OP BLACK PIG- 
TIRES IS TO BE POUND. 


* Instructor in Metallurgy, Columbia University. 
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The purpose of the planimeter is to measure the medians, or, as we 
shall call them, line segments, and to sum them up automatically. The 
planimeter is shown in Figs. 2 and 3. It consists of a stage a that has two 



Fig. 2. — Metallographic planimeter. 


motions, at right angle to each other, both controlled by rack and pinion. 
The lateral motion is produced by rotating knob 6, the forward-backward 
motion by rotating knob c, which is fixed on the base d of the apparatus, 
while knob b can move with the stage. Tape e, graduated in millimeters, 
has one end fixed to a drum / and the other end joined to a case g. By 
rotating knob h, which operates a pinion i and wheel, the tape may be 
wound on the drum; then its graduated edge passes over the figures on 
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the photomicrograph placed on the stage. Line o on the base serves as an 
index to show the exact position of the tape. 



Fig. 3. — Table of planimeter. 


The photomicrograph should be pasted to a glass plate, which is then 
fastened to the stage by four small screws. A magnifying glass placed 
above the stage makes small figures of the photomicrograph visible; it 
can be rotated around a pin so as to follow the stage in its motion. 

Suppose that the edge of the tape crosses figures A, C, Fig. 4, and 
that line segments oft, cd, ef are to be measured and summed up. One 
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division on the tape is put opposite the index line o; this division is a 
starting number of the record and should be marked on a record sheet. 
The division on scale Z, showing a lateral position of the stage, should also 
be noted. By rotating knob c the stage is moved, either forward or back- 
ward, until one of the divisions on the tape, say 570, coincides with the 
lower boundary of figure A. Then, by rotating knob h, the tape is 
moved until 570 coincides with the upper boundary b 
of figure A, The stage is moved again, and 570 is 
placed on the lower boundary C of figure B, Then 
the tape is moved until 570 reaches d, and so forth. 
In this procedure the tape is moved only when cross- 
ing figures and the stage when crossing the interstices 
between the figures. Consequently, the total length 
passed by the tape expresses the sum of all line seg- 
ments of the recorded figures. 

A division on the tape which we follow in crossing 
the photomicrograph is called the guiding mark. If 
figures are not numerous and are spaced comparatively 
far apart, the guiding mark may be changed, the 
nearest division to the boundary of a figure being used 
in all cases; this will save unnecessary movement of 
the stage. 

When the photomicrograph is once crossed from 
bottom to top, the stage must be moved sidewise for 
one division of scale Z, and the operation just described 
is repeated along the new line of record. In this way 
the whole surface of the photomicrograph is passed 
over. If the length of the photomicrograph is n and 
the width m, all n crossings should be made equal in 
length to m. If the total area of the recorded figures 
is denoted as a\, the whole area of the photomicrograph 
a, the total sum of line segments of the recorded fig- 
ures Z], and the total length of the record Z, the follow- 



Fig. 4. — Method 

OF MEASURING AREAS 
OF PARTS OF PHOTO- 
MICROGRAPHS. 


ing proportion holds true: 


ai 

a 


h 

I 


( 1 ) 


where I = mXn and h represents the difference between the final and 
the starting divisions on the tape; i. e., the relation between the total area 
of the recorded figures and the entire area of the photomicrograph equals 
the relation between the sum of line segments of these figures and the 
total length of the record. This is the first principle of the planimetric 
determination of area. 
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Calculation of Proportional Weight of Constituents in Alloys 


It is further assumed that the volume Vi occupied by a constituent is 
in the same relation to the entire volume v of the alloy as is the area of 
this constituent Ui to the entire area a of a photomicrograph; viz., 


ri _ ai _ Zi 

V a ~~ I 


( 2 ) 


The correctness of this assumption was proved by the experiments, but 
it may be shown also by reasoning, similar to that which is applied in the 
deduction of formulas of volume in integral calculus. 

From formula 2, the weight of the constituent may be calculated, if 
the specific gravities of this constituent and the alloy are known. Let 
w be the actual weight of the alloy; the actual weight of the constitu- 
ent; Wj the weight of the constituent, in per cent, of the alloy (the pro- 
portional weight); d, the specific gravity of the alloy; di, the specific 
gravity of the constituent. 


Then 

and 


Wi Vidi wi l\di 

w vd w Id 


W = 


lOOZidi 

— _ — pgj. cent. 


(3) 


If the specific gravity of an alloy is not known and the alloy has only 
two constituents, both of known specific gravity, another formula is 
needed. Formula 2 may be expressed also as 


vi _ di _ h 
V2 0,2 I 2 


(4) 


Where 1 ^ 2 , 02 and h are, respectively, the partial volume, the area, and 
the sum of line segments of the second constituent. Denoting the actual 
weight and the specific gravity of the second constituent by XV 2 and d 2 . 


or 

or 

and 


Wi _ Vidi 

W 2 V2d2 


Wi _ hd i^ 

W 2 l2d2 

W\ lidi 

Wi “h W 2 Zidi -f- l2d2 


W - P^r cent. 

^ lldl 


( 6 ) 


The value of I 2 is obtained by subtracting h from the total length of 
record I, 

When both constituents have the same specific gravity, formula (5) 
may be simplified as follows: 

^ 100 li . 

W — — j — per cent. (6) 

VOL, LXXI. 43 
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One of these three formulas 3, 5, and 6 was used for determining the 
proportional weight W of the constituent measured, the amount of the 
other constituent was calculated by difference. 

In alloys with more than two constituents, the record should be 
taken, first, of one of the constituents and its proportional weight cal- 
culated by formula 3; then the second constituent must be recorded and 
calculated, and so on to the last one, which is determined by difference. 
Each consecutive operation may require a special etching for the separa- 
tion of but one constituent each time. The specific gravity of all con- 
stituents and of the alloy itself must be known in this case. 

Accuracy of Planimetric Method 

To check the accuracy of the planimeter, a special test drawing 
was prepared with 40 per cent, of its area occupied by black figures and 
the remainder with white figures. All figures were small and varied in 
shape, size, and distribution. The results of determinations are given 
in Table 1. 

Table 1. — Test Drawing 3J4 Exact Width of Area Occupied by 

Figures was 74.5 Mm, 


Record 

Number 

Number of 
Crossings, 
n 

Total Length 
of Record, 

1 

Sum of Line 
Segments of 
White Figures 

Proportional 
Area of 
White Figures 
in Per Cent., 
lOOZi 

1 ' 

Approximate 
Number of 
White Figures 
Intersected, 

F 

1 

12 

74.5 X 12 = 894.0 

546.0 

61.1 


2 

21 

74.5 X 21 = 1,564.5 

928.5 

59.4 


3 

20 

74.5 X 20 = 1,490.0 

883.0 

59.2 

1 420 

4 

37 

74.5 X 37 = 2,756.5 

1,660.5 

60.2 

740 

4 records 

90 

6,705.0 

4,018.0 


1 



lOOZi 4018 X 100 

Mean ^ - 59.9 per cent. 



In Table 1, as in the others, I and h are given in millimeters. As 
shown by this table, the accuracy of the individual records is about 2 
per cent., but is naturally higher for the mean value of the total area. 
These and further experiments have shown that the accuracy generally 
depends on the following conditions: 

1. The number of figures on the photomicrograph; the more numer- 
ous they are, the greater is the accuracy. This is true, however, only 
to a certain limit set by the size of the figures; if extremely small, they 
are not readily visible and cannot be recorded accurately. The major- 
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ity of figures in our determinations were, at least, 1 mm, in diameter, 
or larger. 

2. The number of crossings; the larger the number, the greater is 
the accuracy. 

3. Careful manipulation, by the operator, in bringing the guiding 
mark in exact coincidence with the boundary of figures. 

4. The space between two consecutive crossings; the experiments 
proved that 1 mm. was too small, so 2 mm. was used between two crossings 
in all records. Of course, with the greater spacing a larger area of the 
photomicrograph may be covered by the same number of crossings. 

5. The sharpness of the photomicrograph. 

Conditions of Work 

The operation of the instrument is very simple. When the record 
is being made, knob h is held in the right hand and knob c in the left. 
The lens placed above the photomicrograph must be large enough to cover 
a considerable area and should magnify from 2 to 3 diameters. Certain 
conditions of the preparation of the sample and the photomicrograph are 
very important. The sample should be truly representative for a given 
alloy and, if the composition and structure are varying, it must contain 
all possible variations. 

The photomicrographs must represent an average structure; in any 
event, several photomicrographs should be taken from each sample. 
When the amount of a known constituent is to be determined, to find the 
chemical composition of an alloy, two or three photomicrographs are 
sufficient, if the alloy is homogeneous; but when an exact structural com- 
position of an eutectic is sought, the number should be increased. We 
used from four to eight photomicrographs for each eutectic. 

The method of etching should produce clear separation of one constitu- 
ent, leaving all others in the uniformly colored background. In some 
cases a complex etching, which consists of two or more consecutive oper- 
ations, is needed. A very deep etching is not desirable because it pro- 
duces rough surface and shadows would increase or reduce the actual 
area of microconstituents. 

When selecting the magnification, the aim should be to cover a larger 
area of the alloy by each photomicrograph; but a very low magnification 
should be avoided as it reduces the size of the particles to a limit of their 
visibility. In the experiments, 50 or 100 diameters were used in deter- 
minations of chemical composition of alloys; and 350 or 850 diameters in 
determinations of the structural composition of eutectics. The latter 
are usually very fine and at the same time possess great regularity 
in structure. 

The time required to make the record depends on the size of the 
photomicrograph, the number of crossings, and the number of figures 
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on the photomicrograph. In the experiments, the time varied from 35 
min. to 1 hr. If the width of the photomicrograph is from 75 to 80 mm., 
one crosshig takes from 1 to 2 minutes. 

Determination of Ultimate Composition of Binary Eutectics, 
When Chemical Analyses of Constituents Are Known 

On account of their constancy in composition, eutectics have been 
selected for verifying the method. At the same time, it will be shown 
that this method may be conveniently used in quantitative analysis of 
eutectics. The structural composition of eutectics was found planimet- 
rically and then their ultimate chemical composition was calculated. 



Fig. 5. — Bi-Sn eutectic. X 350. 


The results are given in Tables 2 to 5. All lines are expressed in 
millimeters. Values of the specific gravity were taken either from 
Metalltechnischer Kalender by Dr. W. Guertler, 1923, or from Physi- 
kalisch-Chemische Tabbellen by Landolt-Bornstein, 4 Auflage, 1912. 

Bi-Sn Eutectic 

A small ingot was cooled in air; its composition was Bi, 58 per cent.; 
Sn, 42 per cent. It was etched by immersion in a mixture of ammonia 
and hydrogen peroxide for a few minutes; the bismuth remains white, the 
tin is darkened. Seven photomicrographs were taken, one of which is 
shown in Fig. 5. The results of the determination are given in Table 2. 
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Table 2. — Bi-Sn Eutectic 


Photo- 

micro- 

graph 

Number of 
Crossings, 
n 

Total 
Length of 
Record, 

1 

Sum of 

Line Segments 
of Dark 
Figures, 
h (Sn) 

l - h = 
h (Bi) 

U 

h 

Approximate 
Number of 
Dark Figures 
Intersected, 

F (Sn) 

a, X150 

30 

2,370 

1,136.0 

1,234.0 

1.09 


b, X150 

25 

1,950 

983.0 

967.0 1 

1 0.98 

1,000 

c, X350 

30 

2,280 

1,102.5 

1,177.5 

; 1.07 

720 

d, X350 

30 

2,250 

1,087.0 

1,163.0 

1.07 

630 

e, X350 

30 

2,250 

1,133.0 

1,117.0 

0.99 

780 

/, X350 

: 30 

2,238 

1,113.0 

1,125.0 

1.01 

870 

(j^ X350 

30 

2,250 

1,160.0 

1,090.0 

0.94 



7 photographs 
7 records 


15,588 ! 7,714.5 


h _ 7873.5 
h 7714.5 


1.02 


7,873.5 


u 

The value of , was calculated for each record in order to see the accu- 
il 

racy of the individual determinations. The final value, however, was 
found by dividing the sum of all numbers in column U by the sum of all 
numbers in column Zi. 

For calculating the proportional weight of tin in eutectic, formula 5 
was used. According to Lepkowsky (1908),^ the solubility of tin in 
bismuth at room temperature is about 0.5 per cent., and the solubility of 
bismuth in tin is negligible. We can assume that in small ingots cooled 
in air the Bi-Sn eutectic consists of practically pure bismuth and tin. 
The specific gravity di of tin is 7.28; the specific gravity d 2 of bismuth is 

9.80; = 1.35. 

di 

5" X = 1.38 
h di 


Amount of tin W is 2 = 42 per cent.; amount of bismuth, 58 per 

cent. If bismuth dissolves 0.5 per cent, tin, then 58 per cent, bismuth 
contains 58 X 0.005 = 0.3 per cent, tin; therefore, Bi-Sn eutectic con- 
tains from 42 per cent, to 42.3 per cent. tin. The generally accepted 
composition of this eutectic is 42 per cent, tin and 58 per cent, bismuth. 


Bi-Sn Eutectic in the Ternary Alloy of Bi-Sn-Pb 

Two small ingots were taken for determination, both of the same 
composition: bismuth, 75 per cent.; tin, 15 per cent.; lead, 10 per cent. 
The polished surfaces were etched with HNOs, 5 per cent, solution in 
alcohol. A fine mixture of bismuth and tin, surrounding solid crystals 


^ Guertler: Metallographie I Band, I Teil, 742. 
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of bismuth and having the same outlines, is generally assumed to^be a 
binary Bi-Sn eutectic (Fig. 6). The planimetric determination showed, 
however, that its composition is far different from the composition of the 
normal Bi-Sn eutectic; this may be seen from Table 3. 



Fig. 6 . — Bi-Sn eutectic in ternary Bi-Sn-Pb alloys. X 150. 


Table 3. — Bi-Sn Eutectic in Ternary Bi-Sn-Ph Alloy 


Photomicrograph 

n 

l 

h (Sn) 

h 

h 

h 

F (Sn) 

0, X350 

30 

2,268.0 

623 

1,645.0 

2.64 

660 

6, X150 

46 

2,143.5 

578 

1,565.5 

2.71 


c, X350 

33 

2,508.0 

923 

1,585.0 i 

i 1.72 

380 

d, X150 

46 

2,481.0 

750 

1,731.0 1 

2.31 


e, X350 

30 

2,241.0 

882 ! 

1,359.0 

1.54 

510 

5 photomicrographs 

11,641.5 

3,756 

7,885.5 



6 records 1 2 7885.6 „ 

li “ ^ 7 ^ " 


The value of ^ was already found to be 1.35. 

= 2.1 X 1.35 = 2.83 

Li di 

1001 

The amoimt of tin is TT = = 26.1 per cent. 
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It is very probable that the rim of bismuth crystals in the ternary 
eutectic is not a binary eutectic of any kind, but a skeleton of a crystal 
with varying composition. Such skeletons can be found in other alloys. 

In Fig. 6, the Bi-Sn eutectic does not occupy the whole area of the 
photomicrograph. In such a case, the total length Z of record cannot be 
calculated as the product of the length of crossing by the number of 
crossings; it must be determined by a preliminary experiment in which 
the sum of the line segments of the whole area of the eutectic is found. 
Then the usual record of one of the constituents in the eutectic is taken. 
This method was always used in similar cases. 

Ag-Cu Eutectic 

A small ingot was cooled in air; its composition was Ag 72.5 per cent., 
Cu 27.5 per cent. It was etched by immersion in a mixture of ammonia 



Fig. 7. — Ag-Cu eutectic. X 350. 


and hydrogen peroxide for 10 to 15 sec. Six photomicrographs were taken ; 
a typical photomicrograph is given in Fig. 7. Silver appears white and 
copper dark. The results are given in Table 4. 

According to Lepkowsky's diagram, the saturation poiats are 7 per 
cent, copper and 6 per cent, silver. These values were found for very 
slow cooling; but if the alloy is cooled in air, they would be much lower. 
Prof. William Campbell states that in such cases the solubilities are not 
over 1 per cent, on each side. We found a fairly noticeable amount of 
eutectic in an ingot with 97 per cent, silver that was cooled in air. 
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Table 4. — Ag-Cu Eutectic 


Ph otomJ crograph 

Number of 
Crossings, 
n 

Total 
Length of 
Record, 

1 

Sum of 
Line 

Segments, 

/i (Cu) 

1 — h = I 2 

h 

li 

Approx. 
Number of 
Figures 
Intersected, 
F (Cu) 

o, X850 

30 

2,280 

688 

1,572 

2.31 

630 

b, X850 

30 

2,280 

692 

1,588 

2.29 

480 

c, X850 

30 

2,280 

653 1 

1,627 1 

2.49 

390 

d, X850 

30 

2,280 

682 

1,598 

! 2.34 

330 

e, X350 

30 

2,250 

645 

1,605 j 

2.49 

1,080 

/, X350 

30 

2,250 

695 i 

1,555 1 

2.24 

600 

6 photomicrographs 

j 13,620 1 

4,055 

9,565 , 




6 records U _ 9565 _ « qp 

U “ 4055 “ 


Assuming that both solubilities are equal to 1 per cent. 

Specific gravity^ of copper di containing 1 per cent, silver = a + bx = 
8.93 + 0.014 X 1 = 8.94. 

Specific gravity of silver containing 1 per cent, copper — a + bx = 
10.50 - 0.014 X 1 = 10.49. 

7 

Then = 1.17, and = 2.36 X 1.17 = 2.76; then, from 

di ^ h di ^ ^ 

formula 5, the amount of copper solution W = = 26.6 per cent. 

26.6 per cent, copper contains 26.6 X 0.01 = 0.27 per cent, silver 
73.4 per cent, silver contains 73.4 X 0.1 = 0.73 per cent, copper. 

Eutectic contains 26.6 — 0.27 + 0.73 = 27.1 per cent, copper and 72.9 
per cent, silver. Lepkowsky and other investigators found that eutectic 
contains 28 per cent, copper. 

As the constitutional diagrams are always drawn for very slowly 
cooled alloys; the question arises as to how rapid cooling would change 
the nature of eutectic. It may be assumed that three cases are possible: 
First, the proportion of the constituents in the eutectic remains the 
same but the chemical composition of each constituent is changed; there- 
fore, the ultimate chemical composition of the eutectic is also changed. 
Second, the chemical composition of the constituents remains the same, 
but the proportions are changed. Third, both the chemical compositions 
and the proportions are changed. We have no evidence which of these 
three cases occur in silver-copper alloys. 

Iron-])hosphide Eutectic in Gray Cast Iron 
Sample A contained total carbon 3.04 per cent., phosphorus, 1.47 
per cent, silicon 2.89 per cent., manganese 1.11 per cent., sulfur 0.08 per 


*W. Guertler: Metalltechnischer Kalender. 
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cent.; two photomicrographs a and b were taken. Sample B contained 
total carbon 3.46 per cent., phosphorus 0.90 per cent., silicon 2.19 percent., 
manganese 0.81 per cent., sulfur 0.16 per cent.; four photomicrographs 
c, dj e, / were taken. Both samples were deeply etched with picric acid. 



A typical photomicrograph is shown in Fig. 8. The results are given 
in Table 5. 


Table 5. — Iron-phosphide Eutectic in Gray Cast Iron 


Photomicrograph 

n 

l 

ii(Fe«P) 

h 

h 

h 

F (FesP) 

0, X850 

23 

734.0 

505.0 

229.0 

0.45 



35 

695.5 

521.0 

174.5 

0.34 

200 

h, X850 

35 

695.5 

510.0 

185.5 

0.36 


5, mean 

35 

695.5 

515.5 

180.0 

0.35 


c, X860 

32 

1,166.0 

835.0 

331.0 

0.40 

240 


38 

1,046.0 

737.0 

309.0 

0.42 

230 


38 

1,943.0 

1,276.0 

667.0 

0.52 

420 


38 

1,948.0 

1,276.0 

669.0 

0.53 


£j, mean 

38 

1,945.0 

1,276.0 

669.0 

0.52 


/, X850 

38 

850.0 

610.0 

240.0 

0.40 

230 

6 photomicrographs 

6,436.5 

4,478.5 

1,958.0 

1 


8 records 


h 1958 
h “ 4478.5 


0.44 
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In summing up columns Z, Zi, and Z 2 , we have taken the mean value 
of these lines, when double records were taken, because each photomicro- 
graph represents a point in the alloy, and, therefore, in the calculation of 
the average composition, we must count each photomicrograph as a unit. 

As shown in Fig. 8, phosphide eutectic consists of two constituents, 
the white and the dark. 

“Stead writes that in very gray phosphoretic metals, the carbon 
diffuses out of it and a binary eutectic of FesP and iron containing in 
solution a little phosphorus is formed.’’® On the other hand, microscopic 
examination reveals that the darker constituent has an appearance of 
pearlite. For these reasons, in these calculations, we shall assume that 
the eutectic is a mixture of FesP with either ferrite or pearlite. 

Specific gravity^ of FesP, di = 6.74 

Specific gravity of Fe, ^2 = 7.86 , 

Specific gravity of pearlite may be calculated by the formula : 

D = a-^hx = 7.86 - 0.35 X 0.85 = 7.56 


but this gives a value that is evidently too low. If we consider pearlite 
as a mixture of seven parts of iron with one part of cementite (specific 
gravity 7.07), we can calculate its density as a mean of the densities of 
the two constituents: 

7.86 X 7 + 7.07 ^ 


which is in better accordance with the observed values for steel. 


In the case of ferrite, -r 
’ di 

In the case of pearlite, -r 

ai 

I 2 d2 

Ti ^ d i 


7.86 

6.74 

^76 

6.74 


1.17 

1.15 


= 0.44 X 1.17 = 0.515 


= 0.44 X 1.15 = 0.506 


The difference is so small that 0.51 can be taken for each. 

The amount of FesP in the eutectic W = 100 1.51 = 66.2 per cent. 

The amount of phosphorus in phosphide of iron can easily be calculated : 


31.04 X 100 
55.84 X 3 +31.04 


15.63 per cent. 


66.2 per cent, of FesP contains 66.2 X 0.156 = 10.3 per cent, phosphorus. 
Therefore, according to planimetric determination, the eutectic contains 

10.3 per cent, phosphorus. 


*A. Sauveur: ‘^The Metallography and Heat Treatment of Iron and Steel,*^ 
2d ed., 390-1. 

^Landolt-Bomstein: Physik.-Chem. Tabellen, 4 auflage. 
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Eutectic of White Cast Iron 

Determinations were made on two samples; the first was a piece of 
chilled iron consisting almost entirely of eutectic. Four photomicro- 
graphs, at 350 diameters, were taken. The second was white iron of 
the following composition: Combined carbon 3.80 per cent.; graphite, 
trace; silicon 0.57 per cent.; manganese 0.20 per cent.; phosphorus 0.31 
per cent.; sulfur, 0.096 per cent. Five photomicrographs, at 350 



Fig. 9. — Eutectic of white cast iron. X 350. 


diameters, were taken. Both samples were etched with picric acid. A 
typical photomicrograph is shown in Fig. 9. 


The mean value of !- for ten records was 0.68. Here Zi denotes the 

sum of line segments of cementite and U the same of pearlite, found by 
difference. 


• Amount of cementite W 


100 

1 4 - ^ 2^2 


= 57.1 per cent. 


Amount of pearlite = 42.9 per cent. 

Carbon content in cementite was 57.1 X 0.067 = 3.83 per cent. 
Carbon content in pearlite was 42.9 X 0.0085 = 0.37 per cent. 

Total 4.20 per cent. 
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Eutectoid in Bronze 

A sample of bell metal with 20 per cent, tin was etched with Grard^s 
solution and seven photomicrographs at 850 diameters were taken; 

one is shown in Fig. 10. The mean value of for seven records was 

n 

3.17. h denotes the sum of line segments of alpha and U of delta. 

It is generally assumed that delta contains 31.8 per cent, of tin. The 
concentration of tin in alpha varies with the rate of cooling, from 6 to 13 
per cent. In the case of 6 per cent., the specific gravity of alpha, cal- 
culated by the formula di = a + bx is 8.78. As the specific gravity of 



Fig. 10 . — Eutectoid in bronze. X 850 . 


delta ^ 2 , is 8.14, the relation ^ = 0.95, and the amount of alpha 

W = = 25.3 per cent. 

hdi 

Then the amount of delta equals 74.7 per cent. 


Total amount of tin in alpha is 25.3 X 0.06 = 1.52 per cent. 

Total amount of tiii in delta is 74.7 X 0.318 = 23.75 per cent. 

" Total tin in eutectoid = 25.27 per cent. 

In case of 13 per cent., similar calculations give 26.99 per cent, as the total 
amount of tin in the eutectoid. 
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We have considered two extreme cases, while the real concentration 
of tin in alpha in any particular bronze may be between 6 and 13 per cent., 
then the total tin in the eutectoid would be very near 26 per cent., in full 
accordance with the generally accepted composition of this eutectoid. 

Determination of Chemical Analysis of Alloys with Known 

Constituents 

If the chemical composition of the constituents is known, the chemical 
analysis of the alloy may be determined by the same method as was 
applied to the eutectics; viz., first, the area of each constituent is deter- 
mined by the planimeter and then the proportional weight of each is 



Fig. 11 . — Phosphide eutectic in gray cast iron. X 100 . 

calculated by formulas 5, 3, or 6. We used this method for determination 
of carbon in steels and cast iron, phosphorus in gray cast iron and in 
phosphor-copper, and so forth. Some of the results are given in Table 6. 

Reviewing all cases of the determination of carbon in steel, it may be 
stated that carbon was invariably found lower than it was shown by the 
chemical analysis. We have no explanation to offer for this except that 
the carbon content in pearlite is probably higher than 0.85 per cent., as 
was accepted in our calculations. 

The sample of gray cast iron with high phosphorus was etched deeply, 
first, with picric acid and then with Le Chatelier-Dupuy reagent. The 
phosphide eutectic then became clearly visible on a dark field. 
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Table 6. — Determination of Carbon and Phosphorous in Steel, Cast Iron 

and Phosphor-Copper 


Description of Samples 

Number 
of Photo- 
micro- 

Total 

Number 

of 

Cross- 

ings 

Total 

Length 

Total 

Number 

of 

Percents^ of the 
Chemical Elements 
Found 

graphs 

and 

Magnifi- 

cations 

of All 
Records 

Figures 

Inter- 

sected 

Plani- 

metric- 

ally, 

By 

Chemical 

Analysis, 

Rolled steel 

4 X50 

60 

4,500 

1,750 

C 

0.20 

c 

0.24 

Crucible-steel ingot, Mn 0.22 
per cent., Si 0.11 per cent.; 
heated to 1000° C. and 
slowly cooled 

2 X50 

60 

4,504 

825 

0.46 

0.50 

Crucible-steel ingot, Mn 0.25 
per cent.. Si 0.10 per cent.; 
treated as above 

4 X50 

148 

11,070 

1,400 

0.74 

0.78 

Crucible-steel ingot, Mn 0.28 
per cent.. Si 0.22 per cent.; 
treated as above 

2 XlOO 

88 

6,535 

1,000 

1.24 

1.32 

White cast iron, graphite trace, 
Si 0.57 per cent., Mn. 0.20 
per cent., P 0.31 per cent., 

S 0.096 per cent 

2 X150 

60 

4,770 

1,850 

3.93 

3.80 

Gray cast iron, total C 3.04 per 
cent., Si 2.89 per cent., Mn 
1.11 per cent., S 0.081 per 
cent 

4 XlOO 

138 

10,407 

1,200 

P 

1 43 

P 

1.47 

Phosphor-copper, Cu 89.71 per 
cent., P 10.33 per cent 

3 X50 

90 

6,756 

1,860 

10.38 

10 33 


Determination of the Chemical Composition of Unknown Constit- 
uents il^ Binary Alloys 

Supposing we have a series of binary alloys with two constituents, 
both of unknown composition. We select two alloys with a possibly 
larger difference in proportion of one of the constituents and analyze 
them planimetrically . First, the specific gravity of the constituents must 
be found. It may be calculated, after the specific gravities di and d^ 
of both alloys have been determined by weighing and the proportional 
volumes of each constituent have been foimd planimetrically, from 
two equations: 

aix -f (100 — oi)j/ = lOOdi (7) 

a^x (100 — 02 ) 2 / = 100^2 (7a) 

where ai and 02 denote the proportional volumes of the first constituent 
in the first and in the second alloys, respectively. The proportional 
volumes of the second constituent are expressed as the differences; x 
and y are the specific gravities of the first and the second constituents. 
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When the specific gravities are determined, two other equations 
must be composed, from which the percentage Z of one of the chemical 
elements in the first constituent, and the percentage V of the same 
element in the second constituent may be found. 

AxZ + (100 - A,)U = lOOni (8) 

A^Z + (100 - A2)U = lOOnz (8a) 

.Ai and A 2 denote the proportional weights of the first constituent in the 
first and in the second alloy, respectively. The proportional weights of 
the second constituent are represented by the differences, rii and 712 are 
the percentages of the chosen element in the first and in the second alloy, 
respectively, found by chemical analysis. When Z and U are determined, 
the percentages of the second chemical element are obtained by subtrac- 
tion of Z and U from 100. 

If one of the constituents contains only one element, formulas 8 and 


8a will be reduced to a simpler form: 


AiZ = lOOni 

(9) 

A 2 Z = IOO 712 

(9a) 

Dividing one equation by the other, we have 


^ _ n 1 

A 2 712 

(10) 


that is, the amount of the constituent containing both elements is 
proportional to the percentages of the element present in this constitu- 
ent only. Such a case we have, for instance, in hypoeutectoid steel 
where the amount of pearlite is proportional to the percentage of carbon. 

Similar formulas may be composed, also, for the ternary alloys. 

DISCUSSION 

H. S. Rawdon,* Washington, D. C. (written discussion). — ^Any one 
who has occasion to make planimetric measurements by the ordinary 
means in metallographic work will welcome the simplification here 
described. Although there may be a difference of opinion concerning the 
utility of the planimetric method as a general means of metallographic 
study, no one questions the decided advantage and the almost absolute 
necessity of the method in certain cases. 

Some consideration has been given by the writer to the possibility of a 
further simplification which would do away with the tedious eye-straining 
work that any planimetric method necessarily involves. The possibility 
of a photometric method has received some attention. This would 
involve a measurement of the average brightness of the micrograph under 


* Physicist, Bureau of Standards. 



688 DETEBMINATION OF STRUCTURAL COMPOSITION OF ALLOYS 

study, or perhaps the average density of a transparency of the micrograph 
as shown by the transmission of light through it, and its relative bright- 
ness (or transmission) as compared with similar plates developed so as to 
show the same intensity as that of each of the constituents in the structure 
that is being studied; for example in Fig. 5, Bi-Sn eutectic, two reference 
plates, one of the intensity of the light-colored areas, and one correspond- 
ing to the dark constituent. 

Many objections can be raised to any such method, however, the 
foremost being the elimination of the human element, which is so 
necessary in the study and interpretation of micrographic data. For 
example, accidental variations in the shading of the plate as a whole 
(Figs. 5 and 8) or of different constituents caused by non-uniform illu- 
mination could not be taken account of by such a method, as would 
naturally be done by one using any planimetric device. This might 
cause serious error in the results. The preparation of the necessary 
comparison plates would undoubtedly require considerable practice and 
skill and it is questionable whether any material saving in time could be 
effected by any such method. 

On the whole the author^s modification of the usual planimetric 
method seems to be a decided simplification and at the same time it 
retains the necessary human element. The practical applications of the 
method, however, are so limited in number that perhaps attempts at 
further simplification would not be warranted. 

A word of caution as to the practical application of the planimetric 
method may not be amiss. This can best be illustrated by example. 
If one were to estimate, as the author has done. Table 6, planimetrically 
the carbon content, of two hypoeutectoid steels of the same carbon con- 
tent but differing considerably in manganese, both being in the annealed 
condition, of course, the results would undoubtedly indicate a wide 
difference in the apparent carbon content, as shown in a publication by 
the writer several years ago.® An increase in the manganese content 
of a hypoeutectoid steel is ordinarily equivalent, so far as the structure 
is concerned, to an increase of carbon. A 0.45 per cent, carbon steel 
containing only a trace of manganese was shown to have a decidedly 
different structure from a 0.45 per cent, carbon steel having a higher 
manganese content, say 1.3 per cent., although both were annealed by 
heating to a temperature of 750° C. and allowed to cool within the furnace. 

The point is that the full-annealing treatment is not the same for the 
two steels. A treatment that would result in a condition of structural 
equilibrium for the steel of lower manganese content will not do so for 
the other. The point of general application must be borne in mind with 

* H. S. Rawdon and F. Sillers, Jr. : Effect of Manganese on the Structure of Alloys 
of the Iron-carbon Series. Bur. of Stand. Sd. Paper 464. 
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any alloy, particularly as unknown/^ i, e., Is the alloy in a condition of 
structural equilibrium? 

P. N. Chirvinsky,* Novocherkask, Russia (written discussion f). — 
Planimetric measurements have been quite extensively used in petro- 
graphy for determination of the composition of rocks. As the author 
gives no reference to the bibliography on this subject, I would say 
that the principle of the planimetric method was first described by the 
Austrian geologist Rosiwal many years ago. Later, Professor Hirschwald 
constructed a special planimetric eyepiece, which is now being made by 
optical firms of Fuess and Seibert, in Europe. This eyepiece was used 
by me (as well as by many others) in researches on the composition of 
rocks with quite satisfactory results. 

Another method of the geometrical analysis was introduced in France 
by Delesse in 1848. It consists in weighing the paper cuts representing 
the figures of one of the constituents of a rock and comparing the weight 
with the total weight of the drawing or photograph representing 
the structure. 

I have been using these methods for about 20 years and found them 
very useful in petrographic research. The practical side and the details 
of measurements are given in my book^ on quantitative mineralogical 
composition of granites. Of course the same methods could be applied 
to the problems of quantitative analysis in metallurgical research, as I 
pointed out in 1908. For instance, the mineralogical composition of 
dinas bricks used in the construction of steel furnaces cannot be deter- 
mined by chemical analysis as dinas consists of two minerals, quartz 
and tridjonite, having exactly the same composition, so that the propor- 
tion between these two minerals can only be found by planimetric method. 

Similar problems are frequently met with in the study of the composi- 
tion of rocks. It is sufficient to refer to pyrrhotite, the composition of 
which is sometimes given by the authors in formulas different from 
FeS while it is possible to prove by planimetric method that it cor- 
responds exactly to the formula FeS and that the excess of sulfur in some 
samples is due to the presence of isolated crystals of pyrite. 

Quite recently I have been using methods of Delesse and Rosiwal in 
studying the composition of coarse granular meteorites known as pal- 
lasites. My usual practice is to make the measurements on three per- 
pendicular sections of the sample in order to have various intersections 
of crystals. This practice may be recommended, especially when the 
crystals have uniform orientation in space, as for instance, in a 
piece of mica. 

* Translation by E. P. Polnshkin. 

t Professor of Applied Geology and Dean of Mining Faculty, Don Polytechnical 
Institute. 

® See reference by G. F. Kunz in Science (1911) 11, 348. 

VOL. LXXl. — 44 
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E. P. PoLUSHKiN (author’s reply to discussion). — In regard to the 
statement that the practical applications of the planimetric method are 
very limited, I would say that there is no reason why this method 
could not be extensively used in metallographic research. An ordinary 
planimeter is not practicable for metallographic determinations, but a 
planimeter suitable for metallographic work may render a valuable 
service to the research on alloys. 

At present, two methods are used for the determination of the 
chemical composition of the constituents in alloys. The first is based 
on differential solubility of the constituents in chemical reagents. The 
alloy is dissolved in a certain reagent, which dissolves all constituents 
hut one, which is separated out and may be analyzed. But to find 
such a reagent is a difficult task. The other method is to prepare a 
series of alloys, which are examined under the microscope and the one 
found to contain only one constituent is analyzed. In this case the 
difficulty lies in the exact adjustment of the chemical composition in 
order to have but one constituent without a trace of any other. 

By the planimetric method the composition of microconstituents 
can be determined without separating them, either chemically or 
mechanically, from the alloy, and the results obtained by this method 
may be as accurate as those obtained by chemical analysis. In 
many cases, when two or three unknown constituents are present in each 
alloy of the series, it is the only method available for determination of 
their chemical composition. 

Delesse’s method was used in metallography for the determination of 
the proportion of copper oxide eutectic in copper. Some other methods 
were also advocated. Yet the practical application of planimetric methods 
did not meet with success in metallography, because of the many tedious 
operations involved in order to secure accurate results. To make the 
planimetric method efficient, it was necessary to introduce some auto- 
matic device for measuring small areas. It was with this purpose in view 
that I constructed a planimeter which is adapted to the determination of 
the summarized area of small figures. From six to eight photomicro- 
graphs, containing about one thousand figures each, can be recorded with 
this instrument in a day, i. ^., up to 8000 small areas'measured in 8 hours. 
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Tantalum, Tungsten and Molybdenum] 

By E. W. Engle,* North Chicago, III. 

(New York Meeting, February, 1925) 

For several years the Fansteel Products Co. has been engaged in 
the production and development of various of the rarer metals. It is at 
present engaged in the commercial production of tantalum, tungsten, 
and molybdenum in a very high state of purity. The information con- 
tained in this paper is partly a general compilation from various sources 
and partly information obtained as a result of recent years of work in 
the laboratory of this company. 

Tantalum, tungsten, and molybdenum form a group peculiar to them- 
selves among the commercially available metals. Their very high 
melting points (tantalum 2770° C., tungsten 3350° C., and molybdenum 
2550° C.) set them apart so far as the metallurgical processes for their 
production are concerned. Further, when properly prepared and treated 
they will stand a somewhat unusual degree of cold work, that is work 
below the temperature at which marked crystal growth takes place. 
Such cold-worked metal may show a high tensile strength; tantalum to 

130.000 lb. per sq. in., tungsten to 490,000 lb., and molybdenum to 

260.000 lb., in the form of fine wire. 

In physical appearance, these metals are not unlike some steels; 
they may be better described by saying that polished tantalum some- 
what resembles lead; polished tungsten, iron; and polished molybdenum, 
nickel. The polished surfaces of all three remain untarnished in ordi- 
nary air. Air containing corrosion-producing impurities will, in general, 
show molybdenum the least resistant to corrosion and tantalum the 
most resistant. Molybdenum has, however, a high degree of resistance 
to corrosion by hydrochloric acid, a property that should render it of 
commercial interest. On the other hand, it is markedly attacked by 
some of the weaker organic acids. 

The three metals oxidize rapidly when heated at or above a dull red 
in air. This feature limits their use in many applications where their 
high melting point and strength make them appear usable. Tungsten 
and molybdenum, at red heat, are quite inert to hydrogen and nitrogen; 
while tantalum has a rather remarkable affinity for all the ordinary 
gases, which results in its becoming embrittled in their presence. This 
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gas-absorbing power of tantalum has been put to practical use as a 
clean-up^’ in vacuum tubes. It might also be well worth while to 
study the catalytic action of tantalum. It absorbs gases at red heat 
and liberates them at incandescence. 

Table 1, which is largely a compilation from various available sources, 
gives a ready comparison between the physical and electrical properties 
of thoge three metals and platinum, copper, and nickel. 

The high melting points of the metals, combined with their valuable 
physical properties and the fact that they are all capable of being pro- 
duced as fine wires, have resulted in their being commercialized as con- 
structional material in incandescent lamps, radio vacuum tubes, x-ray 
tubes, and similar devices. 

Tantalum has a much greater electrical resistance than the other two. 
On the other hand it has a smaller temperature coefficient, which, to 
some extent, offsets this difference at higher temperatures. Molyb- 
denum, at low temperatures, has a relatively high vapor pressure, so 
high in fact that in the production of incandescent lamps it is necessary 
to limit rigorously the allowable molybdenum content in the tungsten 
filament to prevent the bulb from becoming blackened with volatilized 
molybdenum, which would result in great decrease of light efficiency. 

The metals are not very hard, despite a quite popular belief to the 
contrary. This belief seems to have risen from early published works 
describing experiments with impure materials. Relatively small 
quantities of some impurities affect, to a considerable degree, the prop- 
erties of these elements. Their tendency to absorb carbon with the 
formation of brittle material is quite marked; it is, therefore, necessary 
to exclude carbon-containing materials during the hot processing of 
these metals. Tantalum and molybdenum lend themselves to the 
ordinary machine-shop operations. Tungsten gives difficulty with 
machine tools, apparently, more because of a property resembling 
toughness than hardness; it is quite readily filed and ground. Tungsten, 
at high temperatures, has a much greater rigidity than the other two. 
Molybdenum and tantalum, when heated very hot, recrystallize, become 
soft, pliable, and non-elastic while tungsten has an elasticity somewhat 
resembling that of a quartz fiber. 

Uses of Tungsten 

Tungsten is used as filament material in incandescent lamps, radio 
tubes, x-ray tubes, rectifying valves, and similar apparatus. It is also 
used as internal structural material in these devices. Here it has some 
limitation because of difficulty in shaping and working, especially when 
cold. Special glasses are produced with a coefficient of expansion similar 
to that of tungsten and the metal has a rather wide use for making 
vacuum seals through glass. The high melting point, high density, and 



694 


TANTALUM, TUNGSTEN AND MOLYBDENUM 


low volatility make it valuable as anticathode material in a;-ray tubes 
Under some conditions, it is valuable as a resistance element in high- 
temperature electric furnaces. 

Tungsten is universally used for contact points in the distributor 
of automobile-battery ignition systems. It has proved useful as a con- 
tact in many devices where the current and voltage are relatively low, 
such as magnetos, thermostats, speed-regulating devices, relays, etc. 
In its use in automobile ignition devices, it does not usually serve simply 
to substitute tungsten for some material that has been previously used, 
for instance, platinum. The action of these two metals as contacts is 
quite radically different and the electrical characteristics of a device 
that has been balanced for platinum may make it quite unsatisfactory 
for use with tungsten and vice versa. The basic difference of these 
two metals in contacts appears to be due to the fact that platinum does 
not oxidise and there is always a metal-to-metal contact. In the case 
of tungsten, however, the make and break of a circuit are accompanied 
by some oxidation. It is necessary that the characteristics of the 
circuit be such that this oxidation is controlled in such a manner that 
too high a contact resistance is not set up. A recent investigation 
indicates that if tungsten contacts are operated in a neutral atmosphere, 
such as hydrogen, their operation in a given device is similar to that of 
platinum in air. In hydrogen, there is no corrosion of tungsten and its 
usual peculiarities, resulting from the formation of oxide in air, are 
absent. In the production of contacts for automobile work, it is usual 
to saw the tungsten disk from a rod : The working of the tungsten rod is 
carried out below the temperature of equiaxing. The resultant contact 
surface, therefore, has the end or the smaller cross-sectional area of the 
ciystals exposed. However, a large number of contacts are also made 
from disks punched from sheet. In this case the larger longitudinal 
sections of the crystals are exposed. 

Various electrical-discharge apparatus utilize tungsten as spark-gap 
electrodes. Here, again, its high melting point and low volatility make 
it applicable. 

Uses of Molybdenum 

The relative ease of handling and shaping molybdenum in the cold 
state makes it applicable to a number of uses where tungsten is not 
perfectly suitable. Broadly speaking, however, it may be put to uses 
similar to those of tungsten. Molybdenum has been found useful as 
electrical contact points in cases where conditions were not so severe 
as to demand tungsten and where the relative ease of riveting and spin- 
ning permits its use in a more limited space. 

Molybdenum would doubtless have extensive uses for making vacuum 
seals in glass, provided there was available a low melting glass of proper 
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temperature coeflScient of expansion. Molybdenum is used as a filament 
material in devices similar to those in which tungsten is used. It has 
been found quite satisfactory as a filament in radio and other rectifying 
uses, where the requirements are such that it is not forced to operate at 
too high a temperature. At temperatures much above white heat, the 
relatively high volatility and low tensile strength of molybdenum limit 
its uses. 

As structural and electrode elements in electronic tubes, molybdenum 
is widely used. The ease of mechanical shaping, the ease with which it 
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Fig. 1. — Typical high-temperature electric furnace. 


is permanently degassed and its ability to stand high temperatures render 
it of special value in power tubes. ‘‘Dead soft” molybdenum wire, 
such as is used for grids in the radio tubes, is furnished with cold elonga- 
tion up to 33 per cent. 

Resistor furnaces are made by winding molybdenum on suitable 
refractory materials. Temperatures up to 2000° C. may be obtained. 
It is necessary that a neutral atmosphere be kept around the winding 
while it is hot; for this purpose hydrogen or nitrogen are most often 
used. The construction of a high-temperature furnace, using molyb- 
denum wire as a resistor heating material, is shown in Fig. 1, A tein- 
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perature up to 1700^ C. may be obtained in this furnace. With a suitable 
refractory a temperature approximating 2500° C. could be reached. 
The use of hydrogen is necessary to preserve the molybdenum from 
oxidation. Before turning on the current, enough hydrogen should be 
allowed to flow into the outer shell to displace the oxygen. After this a 
small stream of hydrogen is sufficient to protect the heating element. 

The refractory should be sufficiently porous to permit the escape of 
hydrogen into the tube. Zirkite is a more satisfactory packing than sand 
or silocel, as the latter attack the molybdenum at high temperatures. 

If care is taken to protect the molybdenum winding when the furnace 
is above 350° C., its life should be more than 500 hr. at 1400° to 1600°. 
Failure is usually due to deformation or melting down of the refractory 
or the packing. 

Uses of Tantalum 

Metallic tantalum first became an article of commerce about 1904, 
when it was used as a lamp filament by Siemens & Halske, Charlotten- 
berg, Germany. Between 1905 and 1911, it is estimated that over 
100,000,000 tantalum-filament lamps were used in this country; some of 
them are still in service. The writer^s attention was called to one of 
these lamps that was still in service in the fall of 1924, which had been 
installed 15 years ago. 

The standard lamp with 25 Hefner candlepower of watts per 
candlepower consumption used a filament 650 mm. long and 0.05 mm. 
(0.002 in.) diameter, weighing 0.022 gm.; 1 kg. of wire produced about 
45,000 lamps. At the temperature of incandescence, the resistance of 
filaments 1 meter long and 1 mm. cross-section is 0.830 ohms. Some 
characteristics given for tantalum lamps are as follows : 


Watts per Hefner candlepower 1.6 

Hefner candlepower per square millimeter of surface 0 . 307 

Temperature of incandescence 1700° C. 

Ratio of hot to cold resistance 6.07 


In 1909, the tungsten-filament lamp began to displace the tantalum 
lamp and within a few years the tantalum lamp became practically 
obsolete. There is, at present, some renewed interest in the further 
possibilities of tantalum as a lamp-filament material. Its high resistance 
and lack of brittleness after use should render it of value in cases where 
difficulty is encountered with tungsten. 

Tantalum is of special value as structural and electrode elements 
in electron vacuum tubes. Its physical properties, including its high 
melting point, susceptibility of being made in widely varying degrees of 
elasticity and pliability, and its resistance to structural change at 
relatively high temperatures make it quite adaptable. Its physico- 
chemical property of absorbing and holding gases renders it quite effec- 
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tual as a clean-up medium, or ‘^getter’’ in hard or gas-free tubes or in 
tubes in which it is particularly desirable to get rid of some particular 
gas contained. For such purposes, it is customary to weld or rivet a 
small piece of tantalum to the plate of the tube or to some structural 
parts that become heated during the process of evacuation. It would 
doubtless be of advantage to make the entire plate, grid, and supporting 
strucfture of this metal. The present cost, however, precludes this 
in any but the most exacting cases. Its use as a structural material in 
tubes appears to be more general in Europe than in this country. Tan- 
talum is exported from this country for this purpose. 

Tantalum is useful, also, as a filament material in vacuum tubes. 
Some precautions must, however, be observed in its use which are not 
necessary in the case of tungsten and molybdenum filaments. The 
absorption of a slight residue of gas may change its electrical properties 
quite markedly. Absorbed gas may generally be removed by heating 
to incandescence; it will, however, be reabsorbed by the cooling metal 
unless it has meanwhile been pumped out or otherwise eliminated. 

Tantalum has been used for dental instruments and surgical tools; 
it has been largely superseded by such materials as stellite and the 
more recently developed non-corroding steels. 

Its great resistance to wet chemical corrosion, it being attacked by 
no mineral acid except hydrofluoric, suggests its use for laboratory and 
industrial chemical and electrochemical purposes. Sheets of tantalum 
were partly immersed in the following solutions without gain or loss in 
weight at the end of 50 days: Concentrated sulfuric acid, dilute sulfuric 
acid, concentrated hydrochloric acid, dilute hydrochloric acid, aqua 
regia, glacial acetic acid, 10 per cent, acetic acid, 50 per cent, formic 
acid, 12 per cent, formic acid, 10 per cent, oxalic acid, 85 per cent, phos- 
phoric acid, 10 per cent, phosphoric acid, 5 per cent, carbolic acid, 
15 per cent, tannic acid, 20 per cent, sodium acetate solution, 10 per 
cent, iodine solution, citric acid solution, 10 per cent, potassium hydrox- 
ide solution. 

The pieces were so placed that a portion was immersed and a por- 
tion exposed to atmosphere above the liquid, it having been observed 
that the greatest corrosion often takes place at the junction of metal, 
liquid, and atmosphere. 

In a similar test in which the sheet was immersed in 33 per cent, 
potassium hydroxide solution for 120 days, the metal showed a discolora- 
tion but there was practically no change in weight. 

Tantalum • appears adaptable to a wide variety of laboratory uses 
where it is not subjected to heat; dishes, spatulas, spoons, electrodes for 
electroanalysis and other purposes can be made of the metal. 
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The Tantalum Electrolytic Valve 

It has been known since early in the twentieth century that many 
metals have properties as a result of which they may be described as 
electrolyliic valves. When two different metals or conductors are made 
the electrodes in an ionized solution, there is often considerable differ- 
ence in the ease with which current will flow from one with reference 
to the other. An electrolytic cell, with one electrode of aluminum and 
one of steel in an electrolyte of boric-acid solution, for instance, is known 
as the Nodon electrolytic valve. If a current potential is placed on 
the electrodes of this cell, current will pass with relative ease in the 
solution from iron to aluminum but much greater resistance is offered 
to its passage from aluminum to iron in the solution. That is to say, 
aluminum will give off electrons to the solution to free positive ions in 
the solution but will not readily absorb them to free negative ions. 
Magnesium, cadmium zinc, bismuth, and antimony are some of the 
other metals showing rather marked valve action. The resistance of 
these metals to chemical corrosion is low, however, and, except in the 
case of aluminum, but little has been done to make practical use of this 
interesting property. 

Tantalum is highly resistant to both chemical and electrolytic cor- 
rosion and very strikingly to corrosion of the strong mineral acids. It 
is also an electrolytic valve metal. This combination of properties 
has recently led to its commercial use in rectifiers and battery chargers 
for converting alternating current into direct.^ If two plates of tantalum 
are immersed in a suitable electrolyte, for example dilute sulfuric acid, 
and if these plates are connected to a source of alternating-current sup- 
ply, current will flow for a few seconds during which time a thin film is 
formed on the surface of the plate. This film may show play in colors, 
while it is forming, similar to a piece of steel that is being heated to its 
bluing temperature. At the end of a few seconds, current no longer 
flows, provided the impressed voltage is not too high. If, instead of 
using two tantalum plates, one plate of tantalum and one of, say, lead 
is used, and if instead of an alternating-current potential we impress 
direct current so that there is a tendency of current to flow from tantalum 
to lead in the solution, which means that electrons will tend to flow 
from solution to tantalum, an effect similar to the above takes place 
on the tantalum and current flow ceases shortly, provided again the 
impressed voltage has not become too high. If this same cell is con- 
nected to a source of direct-current potential, the polarity being such 
that the current inside the cell tends to flow from lead to tantalum, 
current passes quite readily. 


1 U. S. Patent 1496582. 
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Finally, if the cell with an electrode of tantalum and one of lead and 
dilute sulfuric-acid electrolyte is . connected to a source of alternating 
current, one-half of the alternating-current wave will be suppressed, 
the one whose time interval tends to send current from tantalum to 
lead. During the other half of the wave, current passes from lead to 
tantalum. The net current flow is pulsating unidirectional. This 
current is in effect direct and may be used to charge batteries, electro- 
plate, perform electrolysis, and do much of the work for which direct 
current is required. If a steady non-pulsating direct current is required, 
the pulsating current may be smoothed by means of an electrical filter 
system. In this electrical filter system, it is practical to use electrolytic 
electrical condensers containing tantalum as electrode material. 
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Fig. 2. — Rectifier using one-half of alternating-current wave. 


Commercial cells are now available for direct-current output up to 
several amperes. Where high-voltage output is required, several cells 
are used in series. The maximum alternating-current voltage recom- 
mended to be impressed per cell for constant service is 40. Units con- 
sisting of transformer, cell, and output control are available for battery 
charging, either continuous or intermittent, electroplating, electroly- 
sis, direct-current supply for radio operation, and various applications 
where a small supply of direct current is required. A diagrammatic 
sketch of such a rectifier is shown in Fig. 2. 

Similar rectifiers that utilize both halves of the alternating-current 
wave are also manufactured. This is accomplished by using two cells 
or series of cells or by using a single cell with two tantalum electrodes. 
Fig. 3 shows the electrical connections of such a rectifier. 

The economical use of the tantalum rectifier is limited to installa- 
tions of relative small wattage outputs. Conversion from alternating 
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to direct current is accompanied by considerable loss of energy, which 
is largely dissipated as heat in the cell. The passage of the current 
through the cell results in liberation of hydrogen from the tantalum 
electrodes and oxygen at the lead; water must be added from time to time 
to replace this decomposition. 

A interesting and valuable effect is obtained in a rectifier cell by 
adding to the sulfuric-acid electrolyte, a salt of a metal readily reduced by 
wet electrolysis, such as iron, nickel, copper, silver, etc.; this acts as a 
depolarizer and greatly decreases the internal resistance of the cell. 
The effect is so marked that in the charging of a battery, for instance, 
the current output of a rectifier cell may be multiplied several times, 
the alternating-current voltage remaining constant, by the addition of 
such a salt._ Similarly, a given output in amperage may be obtained 
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at a much less impressed alternating current when a depolarizing salt 
is used. The depolarizer is also valuable for stabilizing the operation 
of the cell and rendering the valve electrode less subject to ill effect from 
abuse. The depolarizer appears to act by cutting down the resistance 
of the cell at or near the surface of the rectifying electrodes. It is believed 
to be, in some way, coupled with the effect that a relatively non-insulating 
metal film is produced as primary product of electrolysis instead of a gas 
film where depolarizer is not added. A further study of this depolarizing 
property will doubtless lead to more definite interesting details of 
its mechanism. 

The current output of a rectifier cell is limited by the current that 
may be obtained without overheating the electrolyte. While rectifica- 
tion will continue even in a boiling solution, the practical upper limit of 
electroly1;e temperature may be regarded as around 70° C. Tempera- 
tures above this are likely to result in excessive evaporation, annoying 
odors, and softening of rubber parts, if such are used in the cell assembly. 
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Larger current output from a system may be had by connecting two 
or more cells in such a manner that both halves of the alternating-cur- 
rent wave are rectified or by connecting cells in parallel. Where higher 
voltage output is desired, it is necessary to connect cells in series, as 
above mentioned. For installations used for charging batteries where 
there is a back electromotive force, the fact must be remembered that 
when an electrode is acting as a closed valve it is not only blocking the 
alternating-current potential but this potential to which the battery 
voltage is added. 

In a study of current rectification the action of a large number of 
electrolytes has been observed. Considered from all standpoints where 
the high current output is desired, sulfuric acid of a gravity of 1.100 to 
1.250, which is the same approximately as is used in lead-type storage bat- 
teries, to which has been added ferrous sulfate crystals (not more than 1 
gm. to 100 c.c. of solution) has thus far proved the most satisfactory. 

In one series of electrolyte tests, 2 per cent, solution of sodium car- 
bonate, 2 per cent, solution of sodium pyrophosphate, 1 per cent, solution 
of sodium chloride, 4 per cent, solution of sodium acetate, 2 per cent, 
solution of potassium bisulfate, 2 per cent, solution of nitric acid, 5 per 
cent, solution of sodium tungstate, 4 per cent, solution of sodium sulfate, 
2 per cent, solution of sodium fluoride, and 2 per cent, solution of sodium 
bicarbonate showed but little current leakage. A 2 per cent, solution 
of ammonium phosphate showed appreciable leakage, 10 per cent, solu- 
tion of acetic acid and 2 per cent, solution of ammonium tungstate 
showed a great deal of leakage, the acetic-acid solution exhibiting hardly 
any valve action. Considerable experience in the design of tantalum 
rectifier apparatus has, however, shown that current leakage is not the 
only criterion of a good rectifier, although it is an important one. Some 
electrolytes, it has been found, result in undue heating; others dissolve 
one or more of the electrodes and still others may embrittle the electrodes 
without actually dissolving. A great deal of further investigative work 
on the rectifying action of tantalum is in progress in the laboratory of 
this company and it is hoped that a comprehensive report of the work 
may be presented at an early date. 


Metallography of Tantalum 
Preparation of Specimens 

Though apparently a very soft metal, tantalum is cut with diflSculty 
with a hack saw. An unusual amount of heat is liberated when an 
attempt is made to saw the metal and the teeth of the saw are softened 
after a few strokes. In certain specimens, extremely hard metallographic 
inclusions are present, which make sawing even more difficult. The 
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Fig. 4. — Tantalum, unetched, showing pits. X 600. 



Fig. 5 . — Tantalum, unetched, showing pits and threads op carbide. 


X600. 
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metal drills with some difficulty, but works fairly well on the lathe. 
The usual method of cutting it is with a carborundum disk. 

Polished sections for metallographic examination may be prepared 
by filing to a flat surface, smoothing down with No. 1, 0, 00, and 000 
Manning polishing papers, and finally polishing on a wheel covered with 
pool cloth using levigated alumina. The surface thus produced is not 
all that could be desired but has been satisfactory. A little study of the 
polishing materials and methods might lead to much better results. 

The grain structure of the metal can be brought out by cold H 2 F 2 
contained in a platinum dish. Contact between the tantalum and 
platinum seems to have a beneficial effect upon the reaction. Fol- 
lowing the etching, the specimen should be washed with hot water. 
Unless H 2 F 2 is completely removed, there is danger of ruining the micro- 
scope lenses. 

Structure of Pure Tantalum 

Unetched specimens appear homogeneous and without structure. 
Some specimens of apparently pure metal seemed to show an abnormal 
tendency to develop holes when they were polished; this may have 
been caused by prolonged polishing or it may have been that the speci- 
mens contained voids, which were enlarged by the polishing material; 
see Figs. 4 and 5. 

Etched sections of metal that has received considerable mechanical 
work interspersed by heat treatments show a well-defined grain struc- 
ture. The polyhedral shape of the grains is unusually perfect and the 
boundaries are straight rather than curved lines. The size of the grains 
is somewhat larger than that of the ordinary run of sintered tungsten; 
see Fig. 6. 

Corbon in Tantalum 

When unetched sections from certain tantalum samples are examined 
under the microscope, an obviously hard constituent appears in rehef 
at the grain boundaries and, occasionally, within the grains. By cor- 
relating the amount of this constituent, as seen under the microscope, 
with the amount of carbon present, as determined by analysis, this 
material has been proved to be tantalum carbide. The constituent 
appears whenever the carbon runs above 0.05 or 0.06 per cent, (see 
Fig. 7) and occurs in masses when the carbon is 0.75 per cent, as 
shown in Fig. 8. Whether tantalum has the property of dissolving 
carbon up to 0.05 per cent., and what the effect of such dissolved carbon 
would be on the pi^operties of the metal has not been determined. A 
number of specimens showing traces of carbon by chemical analysis 
showed no indication of it microscopically. A bar that, by accident, 
came in contact with some rubber when it was hot had a coating of 
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Fia. 6. — Tantalum, etched, showing polyhedral structure of pure annealed 

METAL. X 300. 



Fia. 7. — Tantalum, containing about 0.06 per cent, carbon, unbtohed. X 600. 
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Fia. 8. — Tantalum with high carbon content, unetched. X 600 



Fia. 9.— Tantalum having high carbon at edge and less inside, unetched. 

X 300, 
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Fiq. 10. — Path of fractchb following carbide, tjnetohed. X 1000. 
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carbide of considerable thickness on the outside and a smaller amount 
had diffused some distance into the bar; see Fig. 9. The center of the 
bar was almost free from carbide. 

The effect of this carbide on the working properties of the tantalum 
is about what would be expected when its hard, brittle nature is con- 
sidered. Bars that show traces of carbide under the microscope roll 
well. When enough carbon is present to begin to outline the grain 
boundaries, the metal will roll into sheets but the sheets will be brittle 
both parallel and at right angles to the direction of rolling, and there 
is a tendency for seams to show on the surface. When any large amounts 
of carbide are present, the metal cracks badly after a very little rolling. 

In an effort to show the brittle nature of this carbide, a specimen 
that contained considerable amounts of it was polished and then stressed 
until it cracked The path of fracture followed the carbide wherever 
there was an opportunity. Fig. 10 shows a case where a crack can be 
clearly seen to originate in a carbide particle. 

Absorption of Hydrogen, Nitrogen, and Oxygen 

When a tantalum bar is heated and cooled in hydrogen, it is exceed- 
ingly hard on the outside. Only a very unsatisfactory section can be 
prepared, but when such a section is etched it shows a definite poly- 
hedral structure; see Fig. 11. This indicates that hydrogen forms a 
solid solution with tantalum. The outside, which is in direct contact 
with a hydrogen atmosphere, dissolves a large amount of it as the bar 
cools down and becomes very hard and brittle. 

Nitrogen also seems to dissolve in tantalum in much the same way. 
The examination of an etched section of a bar, to which air was admitted 
when it was hot, showed a regular polyhedral structure; see Fig. 12. 
The bar was exceedingly hard. It has been assumed that the hardness 
of tantalum that has been heated in air is due to nitride formation 
or, according to our observations, a solution of nitrogen in tantalum. 
Though there is no definite proof that part or all of this hardening is 
not due to oxygen, it is not probable. 

As microscopic examination indicates that nitrogen and hydrogen, 
when present in tantalum, are held in solid solution and as it is a general 
observation that an impurity held in solid solution in a metal hardens it 
in direct proportion to the amount present, it follows that small amounts 
of these gasses will have a hardening effect on the metal. This may 
explain the observation that some metal rolls without cracking, but 
seems to be unusually hard. 

Fig. 13 shows an etched surface of tantalum that has been severely 
strained. The slip bands produced are much like those observed in 
other metals except that they may be closer together. 
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The Malleability of Nickel* 

By Paul D. MERiGA,t Ph. D., New York, N. Y., and R. G. Waltenberg,J 

Bayonne, N. J. 

(New York Meeting, February, 1925) 

Although nickel was discovered and isolated as early as 1750 and 
its valuable properties recognized, many years passed before it was used 
commercially for wire, sheet, rods, etc., in the pure form. This was due 
partly to its high cost at that time and partly to the fact that it was not 
possible to refine and cast nickel into ingots suflELciently malleable to be 
amenable to the usual forging, rolling, or drawing processes. So remark- 
able was this fact, and so different from the experience at that time with 
metals such as copper and iron, that it has left its impress on the no- 
menclature within the nickel industry. To this day, furnace-cast nickel 
produced in such a manner as to be suitable for rolling and forging is 
called malleable nickel to distinguish it from the ordinary pig and shot 
nickel of commerce. 

In 1878, the firm of Jos. Wharton, of Philadelphia (which later be- 
came The American Nickel Works, a constituent of The International 
Nickel Co.) exhibited at the Paris Exhibition specimens of rolled pure 
nickel strip and of drawn nickel wire. About this time, there was con- 
siderable activity in the study of the refining of nickel and several methods 
were described, some of which were patented, for the production of 
furnace-cast malleable nickel including the use of manganese (Boed- 
dicker,^ Selve and Letter 2 ), the use of potassium permanganate (Berns- 
dorfer Metallwarenfabrik^) and the use of phosphorus (Gamier^). By far 
the most efficient method was discovered by Th. Fleitmann in 1879;^ it 
consisted in adding to the molten nickel, just before pouring the castings, 
from 0.05 to 0.125 per cent, of metallic magnesium. This soon became 
the recognized final malleableizing treatment for furnace-cast nickel. 

* Published by permission of the Director of the Bureau of Standards, 

t Director of Research, The International Nickel Co. 

t Research Metallurgist, The International Nickel Co. 

^ Wiggin Process for Production of Malleable Nickel. Wagner^s Jaresberichte 
(1881) 27 , 69. 

2 Production of Nickel Free from Oxide. German patent 25798 (1883). 

® German patent 28989 (1884). 

^ On a New Process of Obtaining Malleable Nickel. C. R. (1880) 91 , 331. 

« Ber, d, deutsch Gesell (1879) 12 , 454. 
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It is evident that the use of these elements was based on the thought 
that they would reduce and eliminate nickel oxide, which was presumed 
to be the direct cause of the brittleness of ordinary furnace-cast nickel. 
Fleitmann, however, did not speak of his magnesium treatment as 
designed to eliminate nickel oxide but believed that it removed either 
carbon monoxide (by its reduction to carbon) or cyanogen compounds. 
He later refers to the use of manganese to flux, and to removed sulfur,® 
anticipating in a general manner our own conclusions. 

Today, even with modern methods of refining and improved furnace 
practice, nickel castings are not, in general, malleable without the magne- 
sium treatment; and after 45 years the Fleitmann method, somewhat 
modified, it is true, is used exclusively for the treatment of nickel 
intended for malleable castings, as well as for the treatment of many 
nickel-bearing alloys, such as monel metal, etc. It is customary today to 
produce malleable nickel with a manganese content of at least 0.10 per 
cent, and to add, as a final refining treatment of the molten nickel, about 
0.1 per cent, of metallic magnesium. 

The Fleitmann method has been so successful that, since the early 
days of its discovery and of the experimentation with manganese and 
other elements, little consideration has been given to the mechanism of 
its effect; the operation has been and still is referred to as “deoxidation,’^ 
sometimes “degasification.” In recent years, a number of phenomena 
have served to focus attention again upon this question and it has 
become increasingly evident that there was something else in the action 
of magnesium on nickel and its alloys than deoxidation or degasification. 

The investigation here reported was taken up in the summer of 1921 
with the specific purpose of ascertaining: (1) why ordinary cast nickel 
is not malleable, when not treated with magnesium, and (2) what is the 
mechanism by which the magnesium treatment produces malleability 
in such nickel. Such an investigation has, of necessity, embraced a 
considerable study of the metallography^ of nickel and some of its alloys, 
and has brought to light some interesting facts only indirectly related to 
the principal themes. Of these, perhaps the most interesting are the 
results of the study of the equilibrium between nickel and nickel oxide. 

Why Nickel is Non-malleable 

Commercial cathode, or electrolytic, nickel of high purity® is itself 
malleable and its malleability is not destroyed if such nickel is melted 

® German patent 28460 (1884). 

’ The metallography of nickel and its alloys has been the subject of a number of 
valuable investigations, but it is unnecessary to mention all here. A discussion and 
bibliography of these investigations is given in Bureau of Standards Circular 100 on 
Nickel; we should like to refer also to Physical Properties of Nickel, by D. H. Browne 
and John F. Thompson, Trans. (1920) 64 , 387; which deals particularly with the 
metallography of nickel containing small amounts of the usual commercial impurities. 

® Containing about 0.4 per cent, cobalt, 0.1 per cent, iron, 0.02 per cent, copper. 
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in a crucible with ordinary precautions to prevent the absorption by it 
of impurities. Small ingots of electrolytic nickel melted and cast in this 
manner, without treatment of any kind, may be readily forged under the 
hammer both hot and cold without cracking. Evidently lack of mallea- 
bility is not an inherent property of nickel. 

A series of small laboratory melts were made of electrolytic nickel to 
which various impurities were added in known amounts, there being no 
other treatment given by magnesium or otherwise. These melts were 
made in an ordinary gas-fired furnace, in the Arsem vacuum electric 
furnace, and in the Ajax-Northrup high-frequency induction furnace, 
the melts varying from 200 to 3000 gm. in weight. The ingots 
produced from these melts were tested for malleability by hammering, 
both hot (1100° C.) and cold, to a thin wedge. If this could be done 
without cracking, the ingot was called malleable; otherwise it was 
n on-malleable. 

The principal conclusion reached from the results of these tests was 
an unexpected one. Of all of the impurities known to be present in 
furnace-refined nickel only sulfur rendered pure electrolytic nickel non- 
malleable — that is, of course, when added in amounts not greatly exceed- 
ing the usual ones. As long as the sulfur content of the electrolytic 
nickel ingot was well below 0.005 per cent, the ingot was malleable. 
Whenever it reached or exceeded that amount, the ingot became non- 
malleable and its quality was impaired in proportion to the amount of 
sulfur present. 

The addition of such elements as carbon, silicon, iron, copper, arsenic, 
cobalt, manganese, and, to our surprise, oxygen did not impair the mal- 
leability, either hot or cold, of the remelted electrolytic nickel ingots. 
Nor did drastic exposure of such nickel to the action of carbon monoxide, 
carbon dioxide, hydrogen, or air affect the malleability of the nickel, 
except in so far as the presence of blowholes in the resulting ingot in 
some cases produced slivers and splits. 

The experiments were sufficiently extensive, in our opinion, to allow 
of but one conclusion: that the lack of malleability of ordinary furnace- 
refined nickel is due solely to the presence of sulfur in excess of the safe 
limit — less than 0.005 per cent.® This was demonstrated to be true in 
similar manner for monel metal (containing about 67 per cent nickel and 
28 per cent, copper) and it is suspected that it is characteristic of nickel 
alloys, at least those of higher nickel content. 

» After the completion of this work, B. Bogitch (C. R. (1924) 178 , 855), states that 
0.005 per cent, sulfur makes nickel cubes or rondelles non-malleable, whereas they 
are malleable when the sulfur content is lower. These statements confirm the con- 
clusions of this article. 
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Structural Form of Sulfur in Nickel 

The reason for this effect of even small amounts of sulfur on the mal- 
leability of nickel is not far to seek. Bornemann/® Hayward, “ and 
others, have studied the equilibrium of nickel and sulfur and have shown 
that sulfur forms a compound, ^ 382 , with nickel that forms a eutectic 
with nickel at 21.5 per cent, sulfur, melting at 644° C. 

We have confirmed these facts and have been able to identify free 
Ni 3 S 2 in nickel microscopically when as little as 0.005 per cent, of sulfur 
is present, which must therefore be somewhat greater than the limit of 



Fig. 1. — Nickel containing 0.23 per cent, sulfur; nickel-sulfide constituent 
IS APPARENT AT GRAIN BOUNDARIES. X 500. 

solid solubility of this compound. By thermal analysis, it was not possi- 
ble to detect the eutectic arrest at about 640° C. unless about 0.03 per 
cent, of sulfur is present as Ni 3 S 2 . This compound, when present in 
small amounts in cast nickel, assumes the form of films surrounding 
partly or completely the individual grains of nickel. It has a character- 
istic yellowish color and is readily identified under the microscope. 
Fig. 1 shows the typical appearance of the ^382 eutectic films surrounding 
the nickel grains. Whenever these films are present, the nickel is brittle 
both hot and cold. At temperatures above 650° C., the grains of nickel 
have practically no intercrystalline adhesion as they are separated, 
partly at least, by a liquid film. Below this temperature, the ^382 
film is solid but quite weak and brittle. In consequence, the fracture of 

10 Metallurgie (1908) 6, 13; (1910) 7, 667. 

“ The Equilibrium Diagram of the System Cu 2 S-Ni 3 S 2 . Trans. (1914) 48 , 141. 
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ordinary non-malleable furnace nickel is intercrystalline both hot 
and cold. 

Effect of Manganese and of Magnesium 

Having ascertained the cause of non-malleability in nickel, it 
remained to study, in the light of these facts, the restoration of 
malleability by manganese and magnesium additions. Additional 
laboratory melts of nickel were, therefore, made in the same manner with 
various additions of sulfur, followed by successive additions of manganese 
and of magnesium. The typical procedure was to make a melt with over 
0.005 per cent, sulfur from which one ingot was poured; thereupon a 



Fig. 2. — Specimen shown in Fig. 1 treated with 3 per cent, manganese; 

MANGANESE-SULFIDE CONSTITUENT APPEARS AS A EUTECTIC NETWORK AROUND THE 
GRAINS OF NICKEL. X 500. . ^ 

small amount of manganese was added to the remainder, and a second 
ingot poured; finally magnesium was added and the third and last 
ingot poured. 

These tests demonstrated that the malleability of nickel that had been 
impaired by sulfur additions was considerably improved by the addition 
of manganese and was completely restored by the addition of magnesium. 
This was true even of nickel to which unusually large amounts of sulfur 
had been added — as much as 0.25 per cent., which is over ten times the 
amount of sulfur generally present in commercial furnace-refined nickel. 

By thermal analysis, by microscopic observations, as well as by direct 
chemical analysis, it was demonstrated that both manganese and magne- 
sium, when added to molten nickel containing sulfur, react with the 
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sulfur to form manganese and magnesium sulfides respectively, probably 
MnS and MgS. 

The manganese sulfide forms a eutectic with nickel melting at 
1325° C., and its distribution in the solid nickel, although along the grain 
boundaries, takes the form of small globules and not films, as does nickel 
sulfide. Its deleterious effect on the grain cohesion is not so great as 
that of the latter. In consequence, the addition of manganese improves 
the malleability of nickel but does not restore it completely. 

Magnesium has a higher affinity for sulfur than either nickel 
or manganese and reacts apparently almost quantitatively with either 
manganese or nickel sulfide to form magnesium sulfide. The latter is 
insoluble in molten nickel and, indeed, is solid at these temperatures, 



Fig, 3. — Specimen shown in Fig. 2 treated with 0.5 per cent, magnesium; 

MAGNESIUM SULFIDE APPEARS AS HEXAGONAL INCLUSIONS IN THE GRAINS OF NICKEL, 
MAGNESIUM-NICKEL IS BARELY VISIBLE X 500. 

forming small crystalline particles that are entrapped during the solidifica- 
tion of the nickel and dispersed throughout the grains. They are not 
concentrated at the grain boundaries and exert practically no effect in 
consequence of their uniform mode of distribution on the cohesion or 
malleability of the nickel. 

Magnesium additions, therefore, restore the ductility of cast nickel 
containing sulfur, by changing the form of the sulfur from NiaSa to MgS 
and its distribution from that of intercrystalline films of NiaSa (of low 
melting point) to that of uniformly dispersed equiaxed particles of MgS 
(of high melting point). Figs. 2 and 3 show the typical structures of 
nickel containing sulfur that has been treated with manganese and with 
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manganese and magnesium, respectively. It is worth while to point out 
that MgS is attacked by water, so that to prepare a metallographic 
specimen containing it alcohol must be used in the final polishing, other- 
wise only pits will be left as the evidence of the presence of MgS. 

Although the principal function of magnesium (and of manganese to a 
less extent) in rendering cast nickel malleable is thus demonstrated to be 
its effect in changing the form of the sulfur present, this is not the 
only role it plays. Magnesium undoubtedly reacts, as Fleitmann claimed, 
with oxides, and particularly with carbon monoxide; this serves to 
^^degasify” the molten metal, as well. Irregularities in the effects 



Fig. 4. — Nickel-nickel oxide eutectic, contains 0.24 per cent, oxygen 
(1.1 PER CENT. NiO); ETCHED (30 PARTS NITRIC, 30 PARTS ACETIC, 40 PARTS WATER). 
X 500. 

produced by added magnesium may indeed be traced very probably to a 
varying distribution of the amount added between these two functions. 

Essentially the same studies were made with monel metal and what 
has been said about the ^^malleableizing” of nickel may with equal accu- 
racy be said about monel metal, and probably other high-nickel content 
alloys as well. The structural forms of sulfur, manganese, and mag- 
nesium in the alloys are somewhat different from the forms they 
assume in nickel but the essential features are not different. Sulfur 
embrittles and manganese and magnesium restore malleability. 

Nickel and Oxygen 

Inasmuch as the equilibrium between nickel and oxygen had not 
previously been subjected to any detailed study, the main features of 
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their equilibrium were determined. Oxygen reacts with molten nickel to 
form apparently only one stable oxide, NiO. This oxide is soluble in 
molten nickel in all proportions and forms with it a simple eutectic series, 
the eutectic melting at 1438° C. and containing 0.24 per cent, of oxygen 
or 1.1 per cent, of NiO. The melting point of NiO appears to be about 
1655° C. The solubility of NiO in solid nickel appears to be very slight, 
although this was not studied in detail. 

Contrary to general belief, nickel that is free from sulfur but contains 
nickel oxide up to the eutectic composition is quite malleable, both hot 
and cold. As a demonstration of this, a 1-in. diameter ingot of the eutec- 
tic composition was forged hot to a 0.25-in. diameter bar and this bar was 
drawn cold, with intermediate annealing, after about 80 per cent, 
reduction to a satisfactory wire of 0.009-in. diameter. The microstruc- 
ture of the ingot from which this wire was produced is shown in Fig. 4, 
which illustrates the typical structure of the nickel, nickel-oxide eutectic. 
It is quite similar, in general appearance, to the copper, copper- 
oxide eutectic. 
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DISCUSSION 

H. W. Gillett,* Washington, D. C. (written discussion). — The 
conclusions reached in this paper, that sulfur which is not combined with 
some other element, such as manganese or magnesium, but is free to form 
nickel sulfide, is the cause of poor malleability, while over 0.20 per cent, 
oxygen can be present in a sulfur-free nickel without causing loss of 
malleability, are paralleled by the findings of Cain in regard to iron. 

Cain ^2 finds that when sulfur in iron is below 0.01 per cent., 0.20 per 
cent, oxygen can be present without red shortness. (This is corroborated 
by the work of Tritton and Hanson^^ at the National Physical Laboratory, 

* Chief, Division of Metallurgy, Bureau of Standards. 

J. R. Cain: Bureau of Standards Tech. Paper 261 (1924). 

F. S. Tritton and D. Hanson: Iron and Oxygen. Iron and Steel Inst. Preprint 
(1924). 
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who state that iron containing 0.10 per cent, oxygen but only a trace of 
sulfur has considerable ductility both hot and cold.) If manganese is 
present in suitable amounts (three times that of sulfur) and oxygen in 
only normal amount, red shortness is prevented, but as oxygen increases, 
that ratio of manganese to sulfur must be exceeded, doubtless because 
much of the oxygen is combined with manganese, thus lowering the 
effective manganese and leaving some sulfur loose to form iron sulfide. 

Wimmer^^ finds that iron with 0.04 per cent, carbon, 0.115 per cent, 
oxygen, 0.038 per cent, sulfur, and 0.34 per cent, manganese is not red 
short, while that with 0.04 per cent, carbon, 0.129 per cent, oxygen, 
0.032 per cent, sulfur and 0.26 per cent, manganese is red short. The 
increase of 0.014 per cent, in oxygen is accompanied by a decrease of 
0.12 per cent, in manganese, and the red shortness that Wimmer ascribes 
to oxygen would more logically be ascribed to the indirect effect of the 
oxygen in causing a deficiency in manganese. It seems reasonable to 
assume that the inclusions present in iron or steel high in oxygen and 
containing manganese are largely composed of some oxide of manganese. 
Such inclusions, as Wimmer shows, are highly deleterious to the mechani- 
cal properties, but it is quite likely that any other brand of ‘‘dirt” 
similarly distributed would be as bad as the oxygen. This will doubtless 
apply also to nickel and monel. Recent work at the Bureau of Standards 
has definitely connected relatively poor impact values of a certain 
lot of monel with an excessive amount of inclusions, and we would expect 
that nickel or monel high in oxide would be of poor quality, even though 
it is still malleable and ductile. 

Feild^® informed the Institute a year ago that zirconium combines 
with sulfur and prevents red-shortness, and cerium^® has been found to 
exert the same effect. Under some circumstances, Cain finds that 
copper may perhaps act similarly, and aluminum is also credited with this 
power by some observers. All these observations tend to strengthen our 
belief in the correctness of the explanations given by Merica and Walten- 
berg in the case of nickel. Sulfur-binding in metals like iron and nickel 
is one of the important effects of what has heretofore been considered 
deoxidation. 

Ancel St. John,* New York, N. Y. — About two years ago I used the 
a:-ray analysis on a nickel alloy to determine why certain materials were 
non-malleable while others, apparently made in the same way, were 
forgeable. The aj-ray patterns at once showed the presence of quite 
strong lines, due apparently to some alloy with nickel that should not 


* Consulting Physicist. 

A. Wimmer: Stahl und Eisen (1925) 46, 73. 

16 A. L. Feild: Trans, (1924) 70, 201. 

16 H, W, Gillett and E, L. Mack: Bureau of Mines Bull, 199 (1922). 
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be there. At that time I suspected that it was a nickel-oxide-nickel alloy 
of some sort, but evidence produced here would indicate that it was the 
sulfide. I would suggest that it might be perfectly possible to get con- 
clusive evidence along that line by preparing control specimens, in 
which you know whether you have sulfide or oxide as the constituent 
and compare the x-ray patterns. 

L. W. McKeehan,* New York, N. Y. — The authors have suggested 
that other nickel-rich alloys may show the same effect. While I have no 
definite information regarding the amount of sulfur in certain nickel-iron 
alloys with which I have had experience, I can say that they sometimes 
show intercrystalline brittleness. In no case has metal prepared with 
the addition of magnesium in the ordinary way shown such brittleness. 
This may be taken, perhaps, as a confirmation of the results here reported. 
The amount of nickel in the alloys I dealt with was from 100 to 50 
per cent, or less. 

A. L. FEiLD,t New York, N. Y. — In the discussion of this paper, it 
has been stated in effect that red-shortness is eliminated in steel when 
the amount of manganese added is sufficient to combine with any 
oxygen present in addition to satisfying the theoretical requirements 
for the formation of manganese sulfide. As a matter of fact, it is gener- 
ally observed in practical steel-making operations that, to prevent 
red-shortness, the percentage of manganese in the finished steel must 
exhibit a ratio to that of sulfur of at least 2.39 to 3.60 instead of the theoret- 
ical ratio of 1.71. Inasmuch as steel does not as a rule contain more 
than 0.018 per cent, total oxygen, determined by the Bureau of Standards 
Vacuum-tube method, the performance by manganese of its dual role 
is greatly impeded by some distinct reversibility of reaction. That 
this reversibility has to do with the efficiency of deoxidation I 
have elsewhere shown to be true.^^ That high-oxygen steels of very low 
sulfur content (0.01 per cent, or less) may be hot-worked without 
breaking, as recently shown by Cain^® and by Tritton and Hanson^® 
does not imply that oxygen is harmless so far as red-shortness in ordinary 
commercial steels is concerned. It simply proves (a) that iron sulfide, 
when present in sufficiently minute amount, does not cause pronounced 
red-shortness, even when oxygen is present in greater than usual quantity, 
and (6) that iron oxide, as such, does not cause red-shortness. In other 
words, the effect of oxygen in causing red-shortness must be due to an 
indirect effect, which effect is exerted only when sulfur is present above a 

* Western Electric Co. 

t Research Met., Union Carbide & Carbon Research Laboratories, Inc. 

17 Trans. (1924) 70 , 201-17. 

1* Bureau of Standards Tech. Paper 261 (1924). 

19 Iron <Sc Coal Trades Rev. (1924) 109 , 378-81. 
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certain limiting concentration. The sulfur present in the vast majority 
of commercial steels invariably lies well above this limiting concentration. 
Sulfur and oxygen are, therefore, jointly responsible for red-shortness 
in commercial steels. 

Alvin L. Davis,* Waterbury, Conn. — I have seen one case of 
the brittle effect of sulfur on pure nickel. Sheets that were perfectly 
malleable would become brittle when annealed, as sheet steel often is 
annealed, where gas similar to an illuminating gas is used. If the 
gas had much sulfur in it, it produced bars that were brittle on the out- 
side; if exposed to the anneal long enough, they became brittle through- 
out and broke to pieces on subsequent cold working. Chemical analysis 
showed the presence of sulfur, and the microscope showed intergranular 
envelopes, which are characteristic of extreme brittleness. 


Director of Research, Scovill Mfg. Co. 
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X-ray Evidence Versus the Amorphous-metal Hypothesis 

By Robert J. Anderson,* Met. E., Boston, Mass., and John T. Norton,! 

Cambridge, Mass. 

(New York Meeting, February, 1925) 

The purpose of this paper is to report evidence, regarding metal 
structures, that is contradictory to the amorphous-metal hypothesis of 
Beilby, and particularly evidence that is opposed to the proposition that a 
vitreous amorphous layer is produced by polishing a piece of metal. 

According to the theory of Beilby, which has been developed by 
Rosenhain and others, polishing a piece of metal greatly affects the 
condition of the metal at or near the surface polished, making that 
surface entirely different in character from the metal beneath. A 
vitreous amorphous surface film is said to be formed. The polishing 
process, on the basis of Beilby^s explanation, is well known and does not 
require discussion here, but it is advisable to seek the precise meaning of 
the term amorphous. According to Beilby, amorphous means non- 
crystalline in the most intimate sense of the word; the molecules are not 
marshalled in crystalline order and orientation.’^ According to Rosen- 
hain, the amorphous condition is that assumed by a metal when the 
crystalline arrangement is completely broken up so that the atoms exist in 
a state of disorderly arrangement similar to that which exists in the 
liquid state. Thus, from the point of view of the phase rule, the “amor- 
phous phase ” is regarded as being identical with the liquid phase. Amor- 
phous metal is often likened to an undercooled liquid. A crystalline 
substance is one in which the atoms are arranged in space according to 
some definite repeating geometrical pattern. The existence of amorphous 
metal has not been definitely proved. 

The evidence offered here that amorphous metal probably does not 
exist is of a direct nature and is afforded by x-ray diffraction effects given 
by a number of metals and alloys when polished, cold- worked, and 
annealed. Considerable of the experimental work was carried out with 
substantially pure aluminum and the aluminum alloy duralumin, but 
many of the observations made on these materials were checked by 
similar observations on copper, iron, tin, zinc, lead, mild steels, and 

♦ Consulting Metallurgical Engineer. 

t Research Associate, Department of Physics, Massachusetts Institute of Tech- 
nology. 
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brass. The diffraction effects exhibited by these metals and alloys are 
doubtless exhibited by other metals and alloys; and while the discussion 
is based on data obtained in the x-ray examination of the materials 
listed, it will be evident that a general phenomenon is being dealt with. 

At the outset, attention is directed to the results obtained in the case of 
diffraction patterns given by x-radiation impinging upon the surfaces of 
polished metals as related to the amorphous surface film of Beilby. 
The x-ray gives no evidence of an amorphous condition in the surface 
layer of a severely polished metal; perfect crystallographic diffraction 
patterns are obtained. 

The experiments discussed here were carried out in the x-ray labora- 
tory of the department of physics, Massachusetts Institute of Technology. 

Apparatus, Methods, and Materials 

As is well known, when a beam of x-radiation passes through, or 
impinges upon, a metal, or any other crystalline substance, the planes of 
atoms arranged in some orderly fashion, as a space lattice, act as a 
diffraction grating, thus giving particular diffraction effects; e. g., lines 
or spots on a photographic film — lines when a modification of the powder 
method is used and spots or streaks when the Laue photographs are taken. 

In the experiments discussed here, the diffraction effects were recorded 
with the standard General Electric Co. type of apparatus for x-ray crystal 
analysis, using monochromatic radiation.^ A water-cooled Coolidge 
tube with molybdenum target operating at 22 to 24 milliamp. was used. 
The exposures were varied, depending on the material x-rayed, but 
240 to 500 milliamp. -hr. covers the range employed. The metal samples 
were in the form of thin sheets, about 0.01 to 0.10 in. thick, thin wires, 
and metal powders. 

In the powder method of x-ray crystal analysis (Hull-Davey) the 
substance for examination is finely ground, say to pass a 200-mesh screen 
or finer. HulP mentions powder with grains 0.01 cm. in diameter, or less, 
as being suitable. When such a fine powder is placed in a small-bore 
glass tube, there is present a large number of crystals or grains arranged 
in greatly disordered orientation. Disordered or random orientation is 
essential, for to obtain a complete set of lines on the diffraction pattern 
it is necessary to have particles in the proper orientation to the incident 
beam of x-rays so as to give reflection from every possible family of atomic 
planes. Under certain conditions, rotation of the sample tube will 
increase the disorder of the orientation. 

1 W. P. Davey: A New X-ray Diffraction Apparatus. GenL Elec. Rev. (1922) 26 , 
565. 

* A. W. Hull: A New Method of X-ray Crystal Analysis. Phys. Rev, (1917) 10 , 
661. 
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The powder method has serious disadvantages for the metallurgist, 
as in preparing a sample of metal powder the original physical condition 
of the metal is altered ; moreover the method is not well adapted to the 
rapid routine examination of metals. 

Two methods of obtaining the diffraction effects were used by the 
authors; these are referred to as the restricted-slit and the polished-surface. 
Both methods are modifications of the powder method, advantage being 
taken of the random orientation of the crystal grains of metals. In the 
restricted-slit method, the relativelj^ broad band of ar-radiation defined 
by the standard slit system of the diffraction apparatus is narrowed by a 
secondary slit arrangement, in order to give relatively narrow lines on 
the photographic film. This secondary slit arrangement also serves as a 
holder for the metal specimen. The sample for examination is preferably 
in the form of a thin sheet. The width of the slit may be about 0.005 
in. fora sheet 0.01 in. thick; wider slits are required for thicker sheet 
samples. The width of the slit also depends on the metal to be a*-rayed. 
The sheet sample, which may be, say, by ^2 in., is mounted on the 
secondary slit, which is placed on the cassette of the diffraction apparatus 
at the proper height, i. e., the slit is held at the center of the circle about 
which the photographic film is bent. The secondary slit screens the 
sample of metal from the ar-radiation except for a narrow band. The 
secondary slit is made of metal, which, of course, gives diffraction lines on 
the photographic film in addition to those caused by the metal sample, 
but the lines given by the former are fainter than those given by the 
sample, and if the holder is made sufficiently thick and of some metal 
having diffraction lines that are not easily confused with those of the 
metal being analyzed, no difficulty is had in interpreting the results. 
The authors have used restricted slit holders made of J/^-in. lead sheet. 

In the polished-surface method, the beam of x-rays is diffracted by the 
planes of atoms situated in the surface of a polished piece of metal. A 
thin sheet or wedge of the metal is polished on a cross-section surface, and 
the sample is then so mounted that the radiation falls on the polished 
face. When the polished surface is suitably held in a horizontal plane, 
the beam of x-radiation strikes it at an angle of 5^, and the diffraction is 
caused in part by the surface atoms and in part by a portion of the 
radiation passing through the sample. Interesting effects are secured by 
tilting the surface at different angles. The polished-surface method has 
been used by various investigators (Davey, Bain, Lester). 

The materials used in the experiments consisted of high-grade com- 
mercial metals and certain alloys, as follows: No. 1 aluminum (99.30 per 
cent. Al), electrolytic copper, electrolytic iron (99.97 per cent. Fe), 
electrolytic zinc, high-grade tin, soft lead, low-carbon steels, 66.67: 33.33 
brass, and duralumin (4 per cent. Cu, 0.8 per cent. Mg, 0.6 per cent. Mn, 
and remainder Al plus Fe and Si in subordinate amounts) . The actual 
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chemical analyses of the materials are not pertinent to the present 
discussion. 

Grain Size and Diffraction Effects 

Cast or annealed metals have a relatively coarse-grain structure, 
while cold-worked metals have a fine-grain structure. With very severe 
cold work, the grain structure may be entirely obliterated, so far as micro- 
scopic examination can show. According to the Rosenhain conception of 
the mechanism of working, part of the crystalline metal is amorphized on 
work — amorphous metal being generated on the planes of slip. Bain, 
however, has shown that practically perfect crystallographic diffraction 
patterns are given by the most severely cold- worked metal obtainable. 
The authors have obtained typically good crystallographic diffraction 
patterns containing practically all the lines, in the case of aluminum 
reduced 97 per cent, by cold rolling and of electrolytic iron reduced 98 per 
cent, by cold drawing. That a cold-worked metal is totally crystalline, 
and not even partly amorphous, has, of course, been held by those who 
have rejected the hypothesis of amorphization on cold work (Heyn, 
Hatfield, Tammann, Guertler). 

That the ordinary metallurgical microscope cannot reveal evidence of 
crystallinity, f. c., grains and grain fragments, in a severely cold-worked 
metal is not proof of the absence of crystallinity. On Abbess theory, von 
Rohr has fixed the smallest distance that an objective of aperture 1.40 can 
resolve at 0.00015 mm. From this, a grain or grain fragment at least 
0.0002 mm. long should be distinguishable in a mass of cold-worked metal. 
The coarse grains of an annealed metal, on cold work, could easily be 
fragmented into smaller particles than this size and still be enormously 
large when referred to atomic dimensions. The grains of iron in marten- 
site are submicroscopic, but martensite gives the crystallographic diffrac- 
tion pattern of a-iron, as has been shown by Bain.^ A grain fragment of 
aluminum (lattice parameter, 4.046 A.XJ.) that is 0.00001 mm. long 
(0.00000039 + in.) would be about 3500 atom diameters in length, while 
one 0.0002 mm. long would be about 70,000 atom diameters in length 
(calculated from the distance of closest approach of the atoms as given 
by x-ray data). Obviously, grains and grain fragments of crystalline 
metal may be quite huge in respect to atomic dimensions, but still sub- 
microscopic. In the powder method, if the substance is ground to pass 
200-mesh or finer, the largest particle must be less than 0.074 mm. 
(0.0029 in.) long, assuming absence of needle-shaped particles. This is 
large compared to the size of grain fragments present in cold-worked 
metals, and a cold-worked, finely fragmented metal is certainly in suit- 
able condition to yield crystallographic diffraction patterns. 

3 E. C. Bain: X-ray Data on Martensite Formed Spontaneously from Austenite. 
Chem. & Met. Eng. (1922) 26 , 543. 
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From theoretical considerations, it would be expected that size of grain 
should bear some relation to the appearance of the lines in the diffraction 
pattern, and Bain^ has shown, for metals, that this is the case. A fine- 
grained metal gives straight sharp lines on the diffraction pattern, while a 
coarse-grained metal gives dash lines. In the powder method, if the 
particles are too coarse, the pattern shows dashed lines. With very 
coarse-grained metal, only several dashes may be obtained on the film; 
but with fine-grained (cold-worked) metals narrow sharp bands are given. 
As the grain fragments increase in number and decrease in size, the 
straight narrow bands tend to become wider. The authors have found, 
with large single crystals of aluminum, that only one or two dashes appear 
on the film. 

From the law governing x-ray reflection, it is evident that a family of 
planes in a particle must make a definite angle with the incident beam in 
order to give an image on the film. But as the sample is of finite size, there 
is some latitude that the position of the particle may have and still make 
the proper angle for reflection. Each crystal grain forms an image of the 
projection of the target on the film, and these images will completely 
overlap and give a smooth straight line if the crystal grains are small 
enough. If the grains are not small and numerous, these images, which 
are lenticular-shaped spots, may not completely overlap, consequently 
the dashed or striated lines are obtained. The chances for reflection 
increase with increase in the number of grains. A single crystal has 
the least chance of being suitably oriented to reflect; the chances are 
increased greatly with coarse-grained metals, and dash lines are given; 
the chances are so many with cold-worked metals that the reflections 
overlap and solid lines result. 

Effects of Cold Work and Anneal on Diffraction Lines 

A large number of spectrograms were taken in the course of the 
experimental work and show the effect of mechanical and thermal treat- 
ment on the x-ray diffraction lines given by metals. The authors have 
checked a number of Bain’s observations and have obtained some new 
data. Sharp solid lines in the diffraction patterns have been observed 
for aluminum, when broken cold by rolling in the range 10 to 97 per cent, 
reduction in area; cold-rolled duralumin, brass, and steel; cold-drawn 
iron wire; and cold-forged zinc, and lead. When annealed, all of these 
materials give dashed lines. Only a few typical patterns are shown to 
illustrate the effects obtained: Fig. 1 shows the sharp solid lines in the 
pattern of cold-rolled aluminum sheet and Fig. 2 shows the dashed lines 
given by the same metal when annealed for 1 hr. at 500° C. and cooled in 

♦E. C. Bain: Studies of Crystal Structure with X-rays. Chem, & Met, Eng, 
(1921) 26 , 657; and op, dt. 
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the furnace. Fig. 3 shows the dashed lines (above) of duralumin sheet, 
air-quenched from 500® C., and the solid lines (below) of the same 
material as cold rolled. 

Some samples were stressed under various loads in a tensile machine 
and then a>-rayed, while other samples were put under tension in a 
suitable holder and x-rayed while under stress. It was found that 
tensile loading tends to make the normal dashed lines of annealed metals 
solid, greater loads, up to a certain amount, giving greater sharpness 
of the lines. The conclusion to be drawn is that greater deforma- 
tion by tensile stressing causes increasing fragmentation of the original 
grains of the annealed metal, as would be expected; the proof is in the 
appearance of the diffraction lines. Thus, taking well-annealed alumi- 
num; a small load (2000 lb. per sq. in.) sharpens the lines and causes them 
to straighten out somewhat, as shown in Fig. 4, while a large load (10,000 
lb.) causes the lines to straighten out completely and become as sharp 
as in the case of metal heavily cold-worked by rolling, as shown in Fig. 5. 
Fig. 6 shows the dashed lines given by annealed mild steel and by the 
same steel under a load of about 25,000 pounds. 

Diffraction Patterns Produced by Polished Surfaces of 

Metals 

One of the most important observations arising from the experiments 
resulted from systematic study of the effects produced by the diffraction 
of x-radiation by polished surfaces of metals. On the basis of the 
generally accepted definition of amorphous metal, it should be expected 
that x-radiation diffraction by a polished surface of metal would not give 
the crystallographic diffraction pattern typical of a particular metal, 
but rather that it would give general blackening or simply broad bands as 
do certain liquids. The authors are aware that x-ray data have indicated 
an amorphous condition in metals, but the data so far presented are 
neither numerous nor convincing. As stated by Wyckoff,^ diffraction 
effects- different from those given by crystalline matter ere given by 
crystals in which the normal regularity of atomic arrangement is, for 
some reason, incomplete or imperfectly maintained; and by matter that 
is not in the crystalline state. In Laue photographs of diffraction effects 
of strained crystals, the normal (for a perfect single crystal) Laue spots 
are elongated into radial streaks; it has been suggested that these streaks 
are essentially powder photographs produced by minute crystals in 
positions that deviate somewhat from the parallelism of the main body 
of the crystal. 


®R. W. G. Wyckoff: “The Structure of Crystals,^ ^ 371-391. The Chemical 
Catalog Co., New York, 1924. 
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Fig. 3. — Diffraction lines of duralumin sheet; top, air-quenched, dashed lines; bottom, cold-rolled, solid lines. 
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Referring to the blackening of the film or general scattering of the 
radiation from a crystalline substance, Debye® has pointed out that 
increased amplitudes of atomic vibration do not alter the relative posi- 
tions of a;-ray diffraction effects, but do decrease their intensities. HulP 
has found only a general blackening on the powder photograph of .metallic 
potassium, while sodium gave quite faint lines on a blackened field. 
The interpretation of this effect would be that potassium is amorphous. 
However, potassium has the sharp melting point typical of pure metals in 
general, and it gives a typical crystallographic diffraction pattern at 
— 150° C. As Wyckoff points out, it is quite probable that at room 
temperature the amplitudes of the thermal vibrations of potassium atoms 
are great enough to obliterate the crystalline diffraction maxima. In 
passing, it should be stated that the diffraction of radiation by most 
liquids gives not a general (amorphous) scattering but a series of one or 
more broad diffraction bands. Liquid mercury gives no pattern, as 
would be expected. 

It is plain that if a polished surface of metal should diffract the a;-radia- 
tion so as to give the typical pattern of the crystalline metal, the only 
conclusion that can be arrived at is that the polished layer is not amor- 
phous (f. e., disordered as to atom arrangement), but truly crystalline. 
The authors have shown that typical perfect crystallographic diffraction 
patterns are given by heavily polished metal surfaces, thus showing that 
the presumed amorphous surface layer is simply made up of crystalline 
fragments. The diffraction lines given by a burnished surface of metal 
are quite similar to those given by a heavily cold-worked metal. A 
heavily cold-wqrked metal, or the severely polished surface of a piece of 
metal, may be so finely fragmented that the crystalline character is not 
visible microscopically, but its truly crystalline nature is shown by the 
rc-ray diffraction pattern. While the fact that there is no amorphous 
metal present in a cold-worked metal or in the polished surface layer 
of a piece of metal cannot be proved by the evidence submitted here, 
such materials cannot be amorphous, nor anything like amorphous, and 
give crystallographic diffraction lines. 

A well-annealed sample of metal gives a dashed-line diffraction pattern 
when examined by the restricted-slit method. When a surface of such 
a sample is heavily burnished, and this surface is used to diffract the 
radiation, the resulting pattern shows sharp solid lines corresponding to 
the planar spacings. When, however, the polished surface of such an 
annealed sample is etched sufficiently to remove the worked surface 

• P. Debye: t)ber die Intensitatsverteilung in den mit Rontgenstrahlen erzeugten 
Interferenzbilden, Ber. DeiUsch. Physik. Gesell. (1913) 16 , 738; and Interferenz von 
Rontgenstrahlen und Warmebewegung. Ann, der Phys. <'1914) 43 , 4th ser., 49. 

^ Op» ciL 



ROBERT J. ANDERSON AND JOHN T. NORTON 


729 


layer, and this etched surface is used to diffract the radiation, the resulting 
pattern shows the dashed lines characteristic of the annealed metal, as 
would be expected. The thickness of the polished surface layer is 
variable, depending on the amount of the polishing and the kind of metal 
dealt with, but the thickness varies from say 500 to 5000 /xju; in the case of 
aluminum, this is a layer 1800 to 8800 atom diameters thick. 

Fig. 7 shows the straight lines given by the surface of annealed 
aluminum that had been heavily polished. There is a slight indication of 
dashed lines, doubtless due to diffraction by larger grains of metals below 
the polished surface, if the penetration was sufficient, or from the radia- 
tion passing through the sample and being refracted up through the 
polished surface layer or through the lead backing. The faint lines are 
those given by the lead backing. A lightly polished piece of well- 
annealed metal, or a piece polished and then etched, never gives solid lines, 
but always dashed. Fig. 8 shows the solid lines (below) of a burnished 
surface of annealed aluminum and the dash lines (above) of the same 
surface after etching. This film was taken on a single piece of metal 
split on the septum, half of the burnished surface having been etched. 
Interesting effects are obtained when burnished surfaces of annealed 
samples are tilted so as to throw lines farther from the zero end of the 
film, i, 6., to strengthen the remote lines which are often weak. The 
sample may be tilted or the surface ground at an angle with the horizontal. 
A spectrogram of such a sample shows solid lines most remote from the 
zero end, while those near the zero end are broad and confused, showing 
effects secured from a combination of relatively widely separated dashes 
(given by the large grains of the annealed mass) and straight lines (given 
by the worked surface layer). Fig. 9 shows a pattern given by annealed 
aluminum with a burnished surface, tilted forward 30° from the horizontal 
in the direction of the a:-ray tube. 

Most striking are the results obtained by a:-ray diffraction from 
polished surfaces of large single crystals. A single crystal gives ordi- 
narily one or two dashes on the film and sometimes a short doublet line. 
The polished surface of a single crystal gives the lines of the crystallo- 
graphic diffraction pattern. The pattern may not be perfect, but this is 
the result of insufficient thickness of the burnished layer, t. e., an insuffi- 
cient number of fragments suitably oriented. When the polished surface 
of a single crystal is deeply etched to remove the worked layer, the diffrac- 
tion of the radiation by such an etched surface gives no pattern at all; 
or more precisely, it gives one or two dashes and at times a blur on the 
film, just as when the radiation is ‘‘shot through.” Fig. 10 shows an 
imperfect line pattern given by a polished surface of a large single alumi- 
num crystal (the crystal was about 1J4 by in.). The same crystal 
gave only one or two dashes and a short doublet line on ‘^shooting through” 
or diffracting with an unpolished surface. Fig. 11 shows the spectrogram 
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Fig. 9. — Diffraction pattern of burnished aluminum (annealed) sheet, tilted forward. 
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I. 11, — Diffraction effect given by a surface polished on a large single aluminum crystal, subsequently deeply etched with HF. 
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given by a polished and etched surface of a large single aluminum crystal. 
The effect is quite similar to that given by unpolished single crystal 
surfaces, although there are more diffraction markings than is usual. 
This may be due to insufficient etching, part of the polished surface not 
being removed. In Fig. 10, the strengthening effect of metal underlying 
the polished surface layer is not had, as is the case with Fig. 7, but the 
pattern is quite definite. It is, of course, understood that photographs 
made from x-ray diffraction films of the type dealt with here lose much in 
reproduction and are not nearly so good as the films. 

Resume and Conclusions 

The effects of cold work, polishing, and anneal on the appearance of 
the x-ray diffraction lines given by a number of metals and alloys have 
been discussed, and the evidence obtained indicates that metals are not 
amorphized by cold work or polishing. The paper may be summarized 
briefly as follows: 

1. Two methods for taking x-ray diffraction patterns of metals have 
been described and their advantages over the powder method pointed out. 

2. Severely cold-worked metals, reduced as much as 98 per cent, in 
area, give true crystallographic diffraction patterns. 

3. The appearance of the lines in the Hull diffraction pattern is 
affected by the grain size of the metal. 

4. Cold-worked (finely fragmented) metals give sharp solid lines in the 
pattern, owing to the overlapping of reflections by a great multiplicity 
of atomic planes oriented at suitable angle to the beam of x-radiation. 

5. Annealed (coarse-grained) metals give dashed lines in the"pattern, 
owing to separate reflections from few atomic planes suitably oriented 
to the radiation. 

6. The polished surface of a piece of metal when used to diffract 
x-rays gives sharp solid lines in the pattern, this indicating a fine- 
grained structure. 

7. The fact that polished surfaces of metals give crystallographic 
diffraction patterns shows that there is not a vitreous amorphous film 
in the surface but simply a great multiplicity of crystal fragments. 

DISCUSSION 

Zay Jeffries, Cleveland, Ohio. — ^The x-ray spectrometer is an 
instrument that will show positively the presence of crystalline material 
under certain conditions; it will not show positively the absence of amor- 
phous material, especially when there is supposed to be a mixture between 
vitreous amorphous on the one hand and Crystalline material on the other. 
So much has been said on the general subject as to the Beilby theory by 
myself and my associates, that our position is pretty well defined. We 
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pointed out that Beilby^s theory of the development of a vitreous 
amorphous substance hard enough to prevent further slip was untenable. 
During the deformation of a metal like copper, where these slip planes 
are used over and over again, there is no other way to account for the 
deformation except by the use of many of the slip planes over and over 
again. 

The conclusion is drawn, then, that there is no hard vitreous amor- 
phous metal at the planes of slip during mechanical work which is materi- 
ally stronger than the potential slip planes; in fact, in many cases, those 
planes on which slip has already occurred are very much weaker, as in 
the case of pure iron freshly deformed. 

In the case of polishing, there is a much better chance to change the 
metal into an amorphous condition, or a condition that is substantially 
amorphous, than in cold work. You then have the action of an abrasive 
on the surface of the metal traveling over tremendous distance. When 
you consider the speed of the polisher's wheel and the number of rotations 
and the time the piece is held against the polishing wheel, the outer layer 
might be vitreous amorphous and be totally missed in any examination 
of this sort. So that the paper does not disprove the existence of any 
amorphous metal. 

Chu Phay Yap, Golden, Colo, (written discussion). — While the writer 
cannot agree with Rosenhain's assumption that an amorphous phase 
exists in a large quantity as a result of either cold -working or severe 
quenching, e, g., as in martensite, he thinks that it is most likely that the 
so-called amorphous phase actually exists to a limited extent in the 
polished surface of a specimen, and in the grain-boundary regions among 
crystals adjacent to one another. 

It seems very likely for the atoms in the grain-boundary regions to be 
unordered with respect to any particular lattice spacing as the result of 
the different orientations of the attracting and repulsing atomic forces. 
The atoms thus unoriented {i. e., amorphous) may be conceived to be held 
in some stable equilibrium by the resultant of all the atomic forces acting 
upon them, and thus, unless any particular crystal is capable of entirely 
overcoming this resultant force, it cannot induce these unordered atoms 
to arrange themselves according to its lattice spacing. 

If severely cold-worked metals still show a distinct spectrogram, it 
does not necessarily follow a 'posteriori that an amorphous phase does not 
exist. We shall be equally justified in concluding that the numerous, 
highly fragmented and submicroscopic crystals are still able to diffract 
the rays even in the presence of any amorphous material, by using the 
following analogy: If the Hull-Davey powder method gives us a pattern 
despite the fact that there must be a large percentage of air voids between 
the different powdered crystals, then it would be equally reasonable to 
expect a pattern from a severely cold-worked specimen even if a large 
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percentage of the material were in an amorphous state. If we could 
definitely prove by actual demonstration that the amorphous phase, 
as it exists in cold-worked metals, does not show a spectrogram, the only 
remaining conclusion we could draw from the findings of the authors 
would be the well-known fact that very minute crystals are always able to 
give a diffraction pattern. Ordinarily, the burden lies on the supporters 
of the amorphous theory to prove that the so-called vitreous phase in the 
grain-boundary region is or is not able to give a diffraction pattern, 
but in order to argue against the existence of an amorphous phase even 
in a highly cold-worked specimen, the authors must prove theoretically 
or empirically that an amorphous phase, were it present, is incapable of 
diffracting the x-rays. The atoms in the amorphous phase, by definition, 
are not arranged in any regular lattice spacing, and yet it is possible to 
have a layer of atoms in this condition (that is, the atoms may be inter- 
sected by a plane) and it is also possible to have several parallel layers. 
In such an event, it might not be too absurd to imagine the possibility of a 
diffraction pattern, when the substance is subjected to a beam of x-rays. 

We have already derived indirect, but rather convincing, proofs of 
the existence of an amorphous phase in a highly cold-worked metal or in 
the polished surface of a specimen. The phenomena of an intercrystal- 
line fracture at high temperatures versus an intracrystalline fracture at 
low temperatures, the experimental evidence that a fine-grained specimen 
shows a higher vapor pressure than a coarse-grained specimen, and the 
fact that the mass hardness (by the scratch method) of a polished surface 
is higher and more uniform than any unpolished part of the specimen, 
are all indirect proofs of the existence of an amorphous phase. Of course, 
the higher hardness of a polished surface may be also due to the extremely 
severe fragmentation of the crystals on the surface, but again, we have as 
yet no adequate reasons to account for this increased hardness unless we 
take advantage of the amorphous hypothesis. Also, it seems rather 
difficult to account for the uniform hardness of a polished surface without 
the aid of the amorphous hypothesis. 

The conclusion that ^^the fact that polished surfaces of metals give 
crystallographic diffraction patterns shows that there is not a vitreous 
amorphous film in the surface but simply a great multiplicity of crystal 
fragments,’’ does not necessarily follow from the experimental evidences 
obtained, for the following reasons : 

1. The x-rays, according to Bragg, are able to penetrate as deeply as 
1 mm., although that is not generally the case. The thickness of the 
polished specimens used by the authors, according to their own statement, 
varies from 500 to 5000 /x/i, and even if the film were amorphous, a pattern 
might be obtained due to the diffraction by the crystalline matter under- 
neath the film. 
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2. The polishing operation is such that we would expect crystal slip 
in a direction parallel to the surface of the specimen. It is then possible 
that within the amorphous film itself may be different layers of atoms all 
parallel to the surface. These atoms do not belong to any particular 
crystal, but to different crystals, and the deformation of their original 
lattice is such that the atoms may be spoken of as leveled’’ and capable 
of being intersected by a plane. The film itself may then be able to 
give a pattern if there are enough layers of these atoms to diffract 
the rays. 

3. The process of polishing may be such that although the film appears 
to be entirely amorphous, there is a possibility of very minute and sub- 
microscopic crystals highly dispersed in the film. In such an event, it 
also seems reasonable to have a diffraction pattern if the rays were 
stopped and diffracted within the thin amorphous film. 

The experimental evidence adduced by the authors, therefore, does 
not per se prove the absence of the amorphous phase. There is some 
amorphous material within the grain-boundary regions, as a result of 
either quenching or severe cold-working. Most likely the film is not 
entirely amorphous, but the amorphitization is sufficiently marked to 
obliterate all microscopic evidences of crystallinity. 

Francis B. Foley,* Chattanooga, Tenn. (written discussion). — 
There is no doubt in the minds of those who have occasion to polish metals 
for microscopic examination that the surface of the metal is often changed 
in the process of polishing. It is often necessary, particularly when 
preparing surfaces on soft metals, to etch and repolish lightly a number 
of times before a surface giving the true structure of the metal is obtained. 
Many poor and misleading photomicrographs are no doubt the result 
of etching this superficial surface layer of altered metal. A determination 
that this layer is not amorphous is purely academic, but in the broad 
question of whether or not metals do generally have an amorphous phase 
is important in clarifying one general conception of how they act under 
various conditions of working and of temperature. The authors have 
apparently driven another spike in the coffin of the general amorphous- 
metal hypothesis which has been reared a weakling from its inception. 

One of the arguments commonly advanced in favor of the amorphous- 
metal hypothesis uses it to explain the fact that metals fail by intercrys- 
talline fracture at high temperature and transcrystalline fracture at low 
temperature. It is said that an amorphous layer cements crystals 
together and that the amorphous cement is plastic and yields when hot 
but is rigid as glass at low temperatures. There is something else that 
will explain this difference just as satisfactorily as the amorphous cement 
theory does, but no one seems to have used it yet. 


Metallurgist, Lucey Mfg. Corpn. 



736 X-BAY EVIDENCE VERSUS THE AMORPHOUS-METAL HYPOTHESIS 


Crystals grow in metals at high temperature. This growth of crystals 
probably takes place by the robbing, atom by atom, of one crystal by its 
neighbor. Growth would seem possible also by the process of one crystal 
annexing another whole crystal as a unit. Those who have studied the 
matter will indorse the atom by atom system of growth. In the atom by 
atom process, there must be greater activity of the atoms at crystal 
boundaries in metals at high temperature than in the center of the 
crystals because there is readjustment of atoms robbed from one crystal 
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by another. The crystal boundaries are moving and the atoms that go 
to make up the crystal boundaries are moving and changing. When a 
stress is applied to hot metal the parting naturally comes in this transitory 
region and one could easily imagine some atoms being caught at the 
moment when they had just gotten out of control of one crystal and had 
not passed into the complete control of their new host. Such atoms 
might be lost as impalpable atomic debris or might readily go into chemi- 
cal combination with the oxygen of the air. 

At low temperatures, where there is little if any grain growth, the 
irregular crystal boundaries offer greater resistance to slip than the even 
planes of atoms within the crystals, and failure takes place through the 
body of the individual crystals. 
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Fig. 12 is a conventional drawing in a plane of the meeting of three 
crystals. The circles are atoms of iron and the lattice is face-centered 
cubic. The drawing was made by starting at three random points and 
building up three crystals by the addition of atoms until the three crystals 
met. The represent optional atom centers — that i^ where two 

or more centers which belong in the adjoining crystals conflict, with room 
for a smaller number of atoms. There is often a more stable position 
in one crystal than in the other and the atom center of the more stable 
position is used and the atom drawn in solid, the optional position in the 
adjoining crystal being dotted. At times there is an atom center but no 
room for an atom — in which event there is no atom and none is drawn. 
Such a diagram does not show much room for an intercrystalline amor- 
phous cement. There are, of course, some atoms that might as readily 
join one crystal as its neighbor, and one wonders if it is not such atoms 
that are the underlying cause of grain growth, for it may be that under 
conditions of atomic vibration the jumping of an atom from its position 
of doubt to one of the adjacent crystals might cause a stampede of atoms 
to the one chosen, or perhaps from it. It appears, from this diagram, 
that a space exists at various points along the grain boundaries. The 
atoms along the grain boundary would probably space themselves to take 
up much of this space and for some atom rows deep on each side of the 
grain boundary there might be a slightly wider spacing which would 
disappear gradually. This refers to the cold state when the atoms are 
relatively at rest and would result in a slight distortion of the space lattice 
in the neighborhood of grain boundaries. Such a condition would give 
rise to greater strength locally. As has already been stated, grain 
boundaries are not permanently fixed at elevated temperatures. The 
circles in the figure representing iron atoms, the magnification would 
be 10,000,000 diameters. 

H. H. Lester,* Watertown, Mass, (written discussion). — There is a 
very definite question as to amorphous layers as Rosenhain defines them, 
particularly at grain boundaries. It seems to the writer, however, that 
the experiments described do not go quite far enough to settle definitely 
the question as to the existence of these layers. No doubt not much, if 
any, amorphous layer exists at a polished surface, but if such a layer 
does exist it probably does not extend many atoms deep and ought to be 
underlaid by a region of broken-up crystals. X-ray penetration, particu- 
larly in the case of aluminum, would be sufficient to give a spectrum from 
the broken crystals beneath the amorphous surface layer. Such spectra 
would exhibit the phenomena described by the authors, but would hardly 
prove that the amorphous layer does not exist. The effect of the amor- 
phous layer, if it is present, would be seen in a general darkening of the 

* Research Physicist, Watertown Arsenal. 

VOL. LXXI.— 47 
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whole photographic film, the extent of the darkening depending on the 
relative amount of amorphous constituent present. 

We have found, at Watertown, that troostitic and sorbitic steels do 
not give as clear photographic films as the same steel carefully normalized. 
In fact, the clearing up of the film seems to be coincident with the develop- 
ment of the carbide spectrum. We have considered the general darkening 
to be due to the presence of carbon in atomic dispersion or else to carbide 
particles so small that they have the general darkening effect to be 
expected from amorphous material. 

It is possible that the general darkening of the photographic film 
due to an amorphous layer on a polished surface would be too small to 
measure. It seems to the writer, however, that a comparison of the 
general blackening of the photographic film from etched and unetched 
specimens might give information of somewhat greater value than that 
reported in the present investigation. 

Edgar C. Bain,* Long Island City, N. Y. (written discussion). — I 
have been greatly pleased to find that my own early work with the x-rays 
has been repeated by the authors with results substantially in agreement 
with my own. Those of us who have pioneered in the field of the applica- 
tion of x-rays to metallurgy, perhaps more than any other group, feel the 
need of independent checks on our experimentation, because the method 
is involved, difficult, and unique. 

The authors are to be congratulated on the excellent results they have 
obtained with the x-ray equipment. Because of the excellence of their 
apparatus, their discoveries are the more significant. The proof of the 
existence of a material or a phenomenon is comparatively easy. Com- 
plete proof, however, of the absence, in toto, of a material or a phase is a 
much more difficult proceeding. Without any intent to disparage the 
highly significant conclusions of the authors concerning the atomistics of 
cold work and deformation, I should like to present a consideration of 
the data leading to the suggestion of the non-existence of the amorphous 
film. It seems highly likely that the process of grain fragmentation is the 
most important one that takes place during cold working, but I believe 
that we are scarcely able to say, even from the data presented in this 
paper, that we have conclusive proof, or even significant evidence to 
disprove the existence of the amorphous film of Beilby. To test this 
hypothesis, I obtained the x-ray spectrogram of a thin sheet of aluminum 
by the surface-reflection method with a specimen of copper lying below 
the aluminum. The thickness of the aluminum sheet was 0.0008 in., 
a far greater thickness than we should expect of amorphotized material; 
nevertheless, the dominant pattern recorded on the film was not that of 
aluminum, but of the copper beneath. Hence, the writer believes that 


* Research Metallurgist, Union Carbide & Carbon Research Laboratories, Inc. 
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in all films of aluminum and aluminum alloys the x-ray crystallogram 
is built up from the diffraction of materials lying at much too great a 
depth below the surface of the specimens to give evidence of the nature 
of that surface. 

In this experiment, a very coarse-grained copper was used, so as to 
give a characteristic pattern of the sub-layer. The fact then, that this 
easily distinguishable pattern of copper contains by far the greater portion 
of the energy can leave no doubt that it is the deep layers, even in the 
reflection method, that are responsible for the diffraction pattern. The 


Copper Lines -f S 



Aluminum Lines 


Fig. 13. 

authors have admitted this general circumstance to be true, but they 
attach undue significance to the fact that, instead of obtaining no pattern 
at all from their samples, they did obtain a strong aluminum spectrogram. 
The point is that even had there been an amorphitized layer of perhaps 
0.001 in., the pattern would have been that of ordinary crystalline alumi- 
num, and we are in complete agreement, I believe, that if there be any 
amorphous layer on the surface of the burnished metals, it has a thickness 
very much less than 0.001 in. Fig. 13 illustrates the strength of the 
spectrogram obtained from the underlying copper. 

Angel St. John,* New York, N. Y. (written discussion). — It is 
pertinent, however, to present here a lantern slide that was exhibited at 
a meeting of the American Physical Society in Boston in December, 1922. 
This illustrates my method for obtaining very sharply defined and 
accurate crystal patterns by means of a slit in contact with the specimen 
on the side toward the photographic film. As neither of the authors 
was present at this meeting, and as the only published description of the 
method is an incidental reference in the course of a short note on the 
structure of manganese dioxide printed in the Physical Review for March, 
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1923 (p. 389), the authors are to be pardoned for overlooking this previous 
publication of what they call the restricted-slit method. 

L. W. McKeehan,* New York, N. Y. — One thing is evident on Figs. 
4 and 5 that is not mentioned by the authors but which may be of interest 
in connection with some other recent work; viz., the great difference in 
the distribution of intensities between the lines of the two photographs 
shown in each of the figures. The upper pattern in Fig. 4 and the lower 
pattern in Fig. 5 are more nearly what we expect in a random arrangement 
of crystals. The pattern in each case, however, shows marked enhance- 
ment of the line that may be identified as caused by reflection from the 
(311) planes of the crystal (the fifth strong line from the left-hand side 
of the diagram) and this is probably caused by the process of stretching, 
which has turned some of the (111) planes nearly at right angles to the 
plane of the sheet. The (311) planes are then inclined at such an angle 
to the x-rays in this arrangement, which Doctor St. John^s slide shows, 
that they are particularly well placed for reflection. There are other 
differences between the patterns, pointing to the same conclusion. One 
is the weakness of the first and second order reflections from the (100) 
planes in the stretched material. 

Carle R. Hayward, f Cambridge, Mass. — How much crystalline 
material must there be on a surface to give an x-ray photograph like the 
one shown? As an analogous illustration, if one takes some putty and 
spreads a few grains of sand in it with a putty knife, how many grains 
of sand would be necessary to produce the crystalline characteristics? 
In view of what Mr, Bain has said, perhaps that is not pertinent for, if 
the x-ray penetrates through the film, I can hardly see how we are to 
prove whether amorphous material is absent or not. 

Ancel St. John, New York, N. Y.— I have exposed 0.02 gm. of 
powdered copper distributed in an inert powder that gives no x-ray 
pattern in a container approximately % in. square and in. thick and 
have obtained a distinct pattern. Figuring out the effect of the 
copper on the basis of 0.02 gm, to 3.00 sq. cm. of surface will give 
some idea of how little copper can produce an x-ray pattern. That 
would correspond to an exceedingly thin film upon the surface; and if 
distributed over the surface, the conditions are much more favorable 
for reflection than they are in the method I used. 

P- Heuer, Philadelphia, Pa. — This x-ray method seems to be 
qualitative as a test for crystalline material but it is not quantitative. 
Perhaps we might introduce here the more quantitative processes of 
thermodynamics. If we consider entropy as a measure of the random- 

* Western Electric Co. 
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ness of any system, the single crystal and an amorphous metaP^ layer 
would exhibit different entropy. Having different entropy ‘^amor- 
phous metaP’ would exhibit an electrode potential differing from that 
of the single crystal. Data on the potentials of these single crystals 
and their polished surfaces might furnish interesting evidence. 

Jerome Alexander,* New York, N. Y. — I want to come out flat- 
footedly against the amorphous point of view. What is called amorphous 
metal mainly consists of exceedingly fine crystals of some form. Some 
work is now being done on metals of this character by Professor Sherrer, 
at Zurich, and such evidence as he has brought out seems to indicate 
that there is no reason whatsoever why we should not have atoms and 
minute crystals coexisting in the same dispersion. I think it is extremely 
likely that in every case there would be some few isolated atoms or 
molecules. We cannot call a phase an amorphous phase because there 
are a few atoms that have not found their place in a crystal lattice. We 
must be governed by the condition of the preponderance of the 
particles existing. 

A great deal of confusion is introduced into these questions by the 
mental concept “amorphous,” because we are pushing further and fur- 
ther down our means of observation. Formerly we used to look at things 
with the microscope. Then Zsigmondy developed the ultra-microscope 
which brought into view many things existing below the level of micro- 
scopic visibility. With the x-ray spectrometer we have discovered that 
molecules are not homogeneous. We must get away from the idea that 
“amorphous” is in every way coincident with “homogeneous,” because 
it is not; the two terms are not synonymous, although popularly they 
are believed to be. 

Beilby and Rosenhain say that in amorphous metal, the molecules are 
in the haphazard or totally random distribution that exists in liquids. 
From what little I know of the properties of metals, I cannot conceive 
that that is true, and may mention some evidence acquired from sulfur. 
I used sulfur because I could work with it readily, which I could not do 
with metals. I dissolved some sulfur in carbon disulfide with a little 
Canada balsam as a retarder, and put a drop of the solution on a slide, 
rubbed it out, and blew on it so that the solvent evaporated rapidly. In 
the ultra-microscope, the slide showed many interesting things. In 
the first place, there were a large number of small spherulites, many of 
them ultra-microscopic in size; also aggregations of these spherulites. 
A large number of the spheres grouped themselves together in a chainlike 
effect; another aggregation was cluster-like. In addition, bordering 
these structures, were definitely formed crystals. Immediately sur- 
rounding the crystals were vacant areas, which indicated that each 
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crystal had reached out and dragged to itself, as far as its molecular 
arms would reach, all the spherulites in that neighborhood. At many 
places these ultra-microns or spherulites were sticking to the 
crystals, showing that they tried to work their way in but could not find 
lodgment in the crystal lattice. This indicates that in sulfur, in any 
event, the building up of crystals does not necessarily proceed molecule 
by molecule, but that preliminary groups form and these preliminary 
groups then form aggregates. 

I think investigation will prove that the same thing exists in metals, 
because we all know the aggregation tendency of metals is exceedingly 
powerful. In 1905, Benedicks brought out the view that colloidal dis- 
persion was to be considered in connection with metals. In 1920, Donnan 
unearthed, at the University College, London, a doctor’s thesis presented 
in 1896 by H. Kneebone Tompkins, but never published, that discussed 
the analogies with colloids of a great many substances, particularly 
rubber and metals. 

In the colloidal state, if the viscosity is not too great, the action of 
the particles becomes greatly intensified if the dispersion becomes a little 
bit finer, so there may be migration of particles or molecules in masses, 
instead of individual molecules moving one by one. 

Carl Benedicks,* Stockholm, Sweden. — In the case of the amor- 
phous theory, according to our view, it is necessary to question what is 
the use of this assumption, and then we must say that the essential 
thing was to get an explanation of the hardness of metals by cold working. 
It is not necessary to have recourse to that view. 

We should not reject an idea absolutely because we have no proof of 
its necessity. Now, if in metals it is possible to approach to an amor- 
phous state, it will be by having an alloy of a low melting point squeezed 
out at low temperature so as to form a wire. It is easy to bend this wire 
in any form just as you like if you proceed very slowly, but on proceeding 
quickly, it is immediately broken. That is the most characteristic 
property of amorphous substances and one has the right to say that such 
a squeezed-out metal wire approaches the amorphous state, but the point 
is that this metal in no way can be described as being hard : it is nearly 
as soft as before the extrusion. That is the reason why we do not advance 
by sticking to the amorphous theory. 

Robert J. Anderson and John T. Norton (authors’ reply to discus- 
sion). — Notwithstanding that, in 1913, Dr. W. H. Hatfield demonstrated, 
that the idea of amorphous metal was a purely hypothetical proposition, 
and notwithstanding that no shred of experimental evidence has been 
produced to prove that amorphous metal actually exists, the discussion 
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of this paper shows that the amorphous-metal controversy is much alive. 
The authors do not intend to enter into any controversy about the 
matter; their object was to present certain new observed facts, which 
include the finding that the severely polished surface layer of metals gives 
a crystalline diffraction pattern. 

The whole amorphous-metal hypothesis was reared on the concept 
that an amorphous film is produced on polishing, and the orthodox view 
is that metals are amorphized on cold work and that an amorphous 
cement exists between the grains of metals. There are no experimental 
facts in support of these views. The almost proverbial idea of amorphous 
metal is a result of the relentless insistence that because this concept 
nicely explains certain observed phenomena of metals therefore amor- 
phous metal is a condition of actual fact. In all fairness, it must be 
admitted that much of our modern knowledge has resulted from the 
arnorphous-rnetal hypothesis, but until the proponents of this bring forth 
actual experimental facts in support of their views it will have to be 
conceded, even by them, that amorphous metal is purely hypothetical. 

True enough, the data presented in this paper do not prove conclu- 
sively that amorphous metal does not exist; but the fact remains that 
polished surfaces give crystalline diffraction patterns. No a;-ray method 
apparently is capable of proving the non-existence of amorphous metal, 
and it was not the intention of the authors to convey the impression that 
such a method could do so. That the polished surface layer which gives 
the characteristic diffraction pattern is very thin is shown by the experi- 
ments with etched surfaces. The burden of proof for amorphous metal 
is on its proponents, not on those who disclaim its existence. 

Mr. Yap suggests that a diffraction pattern could be secured from a 
layer of atoms (not arranged in any regular lattice spacing). If the atoms 
of an amorphous material were arranged in layers, the chances of obtain- 
ing a diffraction pattern would be very small, and the chance that this 
pattern of one line would check with that of the crystalline material 
would be very small indeed. It is not at all difficult to account for the 
uniform hardness of a polished surface without the aid of the amorphous- 
metal hypothesis; the uniformity of hardness is quite readily accounted 
for by the fineness of grain. The question of a;-ray penetration is fully 
accounted for by the experiments with etched surfaces. 

The authors did not touch on the question of amorphous cement, but 
so far as they can see there is no more sound reason for postulating 
amorphous cement than there is for postulating amorphization on cold 
work or polishing. Mr. Foley's ingenious explanation of grain boundaries 
serves in an eminently more satisfactory manner to explain intercrystal- 
line fracture and the non-existence of amorphous cement than does the 
orthodox Rosenhain-Ewen explanation serve to explain its existence. 
The schematic block representation of grain-boundary conditions is 
untenable on an atomic basis. 
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Doctor Lester suggests that an amorphous layer, if such exists, would 
be seen in a general darkening of the photographic film; the authors found 
no such darkening, as was stated in the paper. 

The authors were glad to have had the opportunity of making an 
independent check of Mr. Bain’s work. His results and theirs show that 
the process of grain fragmentation seems to be the most important, if 
indeed not the only, process, operative on cold working. In Mr. Bain’s 
crystallogram, the aluminum lines are quite strong, and it appears to the 
authors that their experiments with etched surfaces are much more 
conclusive. The authors varied the height of their polished surfaces in 
positions on the cassettes over a wide range with respect to the x-ray beam 
and made numerous experiments with the effect of etching for various 
periods of time on the resultant patterns. The experiments made with 
tilted surfaces are also germane to the point brought up by Mr. Bain, as 
are, too, those made with polished single crystals. 

A device similar to the authors’ unrestricted slit was used on Professor 
Bragg’s original spectrometer, and similar devices have been used 
extensively ever since; the authors did not claim that their restricted 
slit was original. 

The question of line intensity was dealt with in a paper by the authors, 
entitled The Crystal Structure of Cold-worked and Burnished Metals, 
read before the Physical Society at New York in February, 1925. 

There can be no such things as molecules in crystalline metal; each 
atom is exactly equivalent to every other one, and the molecule concep- 
tion may mean a few atoms or the number of atoms present in a ton, or 
any other quantity, of metal. 

To sum up: The whole amorphous-metal hypothesis was reared on 
the concept that an amorphous layer is produced on polishing, and many 
futile experiments have been carried out to try to prove that this layer 
is amorphous. The general hypothesis served nicely to explain numerous 
observed facts regarding metals, but it is not necessary to assume (and 
is indeed highly improbable) that polished surfaces are amorphous, that 
amorphization occurs on cold working, or that amorphous cement exists at 
the grain boundaries of metals. The same facts regarding the phenomena 
exhibited by metals as have been explained by the amorphous conception 
can be more soundly explained on the basis of lattice strain, interatomic 
forces, and grain fragmentation. The most important conclusion that 
emerges from the present experiments is that the surface layer produced 
by polishing is crystalline. The authors are quite well aware that there 
conceivably can be amorphous metal present in this surface layer; their 
minds are entirely open on the question, and they are ready to acknowl- 
edge the existence of amorphous metal when it can be proved by experi- 
mental facts that this metal does exist. 
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Corrosion of Copper Alloys in Sea Water 

By W. H. Bassett* and C. H. Davis, t Waterbury, Conn. 

(New York Meeting, February, 1925) 

The late J. P. Sparrow, chief operating engineer of the New York 
Edison Co., carried out a series of practical tests on condenser tubes of 
several copper alloys and reported on the results to the Association of 
Edison Illuminating Companies at its meeting in September, 1913. In 
the preparation of these tubes the senior author had the pleasure of 
cooperating. Copper-zinc alloys in the proportions of 60-40, 70-30, 80-20, 
90-10, and Admiralty metal, which is in effect 70-30 with 1 per cent, of 
tin, were tried. Monel metal and several copper-nickel alloys, and 8, 5, 
and 3 per cent, aluminum bronze were also tried. At the time of this 
report, the aluminum bronze had been in service for 43^ years and seemed 
to be giving especially good results but later it began to fail and showed 
no substantial improvement over Admiralty metal. Monel metal was 
unsatisfactory and the nickel alloys apparently did not give better 
service than the Admiralty alloy. 

Previous to the publication of the report, and after considerable 
discussion, it was agreed that a test where tubes of different kinds could 
be under laboratory observation would be advisable, so the apparatus 
described here was set up in The American Brass Co.^s Waterbury 
Laboratory. This was fitted with tubes of copper, brass, bronze, nickel 
silver, cupro-nickel and other alloys, and the test started on Oct. 11, 1912. 

Salt water from East River, New York harbor, was barrelled and 
transported to the laboratory for the test. A fresh supply, completely 
replacing the water in service, was obtained at the end of each six 
months period. 

Plan of Pkocedure 

In general, the procedure was to inspect the tubes at short intervals 
and to remove those that had begim to leak. The tubes removed were 
carefully examined and a photographic and microscopic record of the 

♦ Technical Superintendent and Metallurgist, American Brass Co. 
t Assistant Metallurgist, American Brass Co. 
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character of the failure taken and placed upon file for assembling at the 
completion of the test. At the end of 10 years, a large proportion of 
the samples were, from all appearances, still in good condition. Con- 
sidering this length of time sufficient for all of the alloys to have been 
acted upon to an extent that would clearly indicate their behavior, and 
as small test samples exposed in the same system had given positive 
results, the test was concluded. 

After starting the test, it soon was found to be impractical to remove 
the tubes and to clean and determine the relative action of the salt water 
upon them; therefore small specimens of sheet metal, which could be 
weighed, were placed in the water. Alloys similar in composition 
to the tubes were chosen, specially annealed at different tempera- 
tures, and rolled to several degrees of hardness. This plan made possi- 
ble a study of the effect of grain size and hardness on corrosion. These 
sheet-metal samples were weighed frequently and were carefully inspected 
and photographed. 

The two phases of the investigation were, therefore, the attack of the 
sea water upon the walls of the tubes and the rate of solution of weighed 
samples in the same sea water. How closely the two methods of pro- 
cedure gave similar conclusions is shown in the summary of results. 

Accelerated Corrosion Tests 

The sea-water tests have extended over a period of 10 years, involving 
time and effort that cannot ordinarily be allotted to a single problem. 
Various accelerated corrosion tests had previously been run, with the 
idea of determining the relative corrodibility of alloys but without con- 
cordant results. Recently, the salt-spray corrosion test has been devel- 
oped and used with such consistent success that it is possible to make a 
direct comparison between the 10-year sea-water tests and the accelerated 
salt-spray tests of a few months duration. It is gratifying that the several 
lines of attack have produced results closely in harmony. 

Apparatus 

Arrangement of Tubes 

The situation and general plan of the apparatus are shown in Fig. 1. 
This view was taken at the end of the 10-year period with the head 
of an upper tank removed to show the position of the tubes that failed. 
The other ends of the 8-ft. tubes were similarly packed in the head 
of another tank in the rear. The sea water from the large reservoir 
below was pumped to the rear tank by a small rotary pump, 
flowed through the tubes to the tank shown, and overflowed down the 
vertical pipe in the center, completing the circuit. The tank was built 
of wood, coated with asphalt paint thoroughly dried, and had no iron 
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exposed to the salt water. The tubes were packed in the heads with 
paraffined wick. This allowed moisture to penetrate the head about the 
tubes and caused a serious attack upon some of them where the 
ends were enclosed in the wood. Failures occurring for this reason have 
been left out of consideration in the summing up of the results. The 
water used for this experiment was taken every six months, in April 
and October, from the East River, New York harbor; approximately 
eighteen barrels was used to fill the tanks. 



Fig. 1. — One upper tank with head removed to show location of tubes 

FAILING IN LESS THAN 10 YR.; SEA WATER TRAVELED FROM A SIMILAR TANK AT FARTHER 
END, OVERFLOWED DOWN VERTICAL PIPE TO RESERVOIR BELOW, AND WAS REPUMPED 
THROUGH SYSTEM. TuBES 2, 5, COPPER, FAILED AT HEAD ONLY; 6, 7, 9, GILDING 
(7 WAS REPLACED BY A NEW BRASS TUBE 7o) ; 16, 17, 18, RICH LOW BRASS (17 FAILED 
AT 10 YR.); 31, 32, 33, 35, Muntz metal (60-40 Cu-Zn); 46, 50, brass with tinned 
surface; 61 to 65, Muntz metal; 66 to 75, Muntz metal with tinned surface; 
76, BRASS (66.25 per cent. Cu, 0.50 per cent. Pb); 86, 87, gilding; 89, bronze 
(81 PER CENT. Cu, 18 PER CENT. Zn, 1.00 PERCENT. Sn); 113, 114, 148, 149, 150, 8 PER 

CENT. ALUMINUM BRONZE. 


Location and Arrangement of Sheet-metal Specimens 

The strips of sheet metal were drilled at one end and were suspended 
from glass rods, the ends of which were fixed in a wooden frame, as shown 
in Fig. 2. This entire arrangement was totally immersed in the sea water 
in the large reservoir underneath the tube specimens. The accelerated^ 
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or salt-spray, tests were conducted in another laboratory and by a differ- 
ent operator; these will be described later. 

It was originally planned to heat the water in the tanks but this was 
impractical on account of evaporation. The test, therefore, was con- 
ducted at room temperature; that is, from 18° C. to 23° C. The salt water 
was analyzed both before and after its six-months^ use; representative 
analyses are given in Table 1. 

As the water evaporated its concentration and gravity were regulated 
by the addition of fresh water from city mains. When received, the sea 
water was sometimes very dirty and fermenting. After it was pumped 
through the tank for two or three days, aeration clarified it. Organic 



Fig. 2. — Appakatus for holding specimens; a copper-fastened wooden frame 

SUPPORTING GLASS RODS THAT PASS THROUGH HOLES IN THE SPECIMENS. 

matter present apparently became oxidized, or settled to the bottom 
of the larger reservoir, so that the water entering the tubes was clear and 
clean during most of the period of testing. 

Condenser Tube Specimens in Salt Water 
Tube Alloys and Methods of Manufacture 

Complete analyses were made of those samples that failed in less than 
10 years and also of one of each group of the five tubes representing a 
particular alloy or condition; the annealed and the hard-drawn tube 
samples are about equal in number. Those that were tinned were con- 
fined to the 72—28 and the 61J^— 38J^ copper-zinc alloys. In no case was 
the finishing draft on the tubes severe, the greatest reduction being 
approximately equivalent to 15 per cent, in the thickness of the wall. 

Wherever possible, the tubes were taken from mill stock manufactured 
according to the standard methods prevailing at the time. Alloys were 
included, however, that are not ordinarily used for tubes — manganese 
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and other bronzes, for instance. All the tubes were 1-in. outside dia- 
meter, 0.049-in. gage (No. 18 Stubbs) and 8 ft. long. Five pieces, alike 
in composition and temper, were used in order that a fair average of 
the behavior of the alloy might be found. It was well that several 
samples of each were taken, for some of the alloys were erratic in their 
behavior. 


Sheet-metal Specimens in Sea Water 

The sheet-metal specimens were purposely selected to have the 
approximate composition of the tubes in order that direct comparisons 
might be made and data from one test applied to the other. 


Preparation of Specimens 


Strips were first finished with a 60.4 per cent, reduction (8 B. & S. 
numbers) by cold rolling to 0.051 in. thick, and were slit to 1 in. in width. 
One set of these hard samples was held in this condition, but the others 
were annealed at 450°, 550°, 650°, and 750° C. One set each of these 
annealed pieces was held but the remaining sets were rolled again to 
complete the schedule outlined below. 


Different Specimens Were 

Then Reduced 
BY Rolling, 

As Expressed in 

Final Gage, 

Annealed at, Degrees C 

Per Cent. 

B. & S. Nos. Hard 

Inches 

450, 550, 650, and 750. . . 

0 

0 soft 

0.051 

450, 550, 650, and 750. 

10.9 

1 number, hard 

0.045 

450, 550, 650, and 750. 

20.7 

2 numbers, hard 

0.040 

4.50, 550, 650, and 750. . . 

37.1 

4 numbers, hard 

0.032 

450, 550, 650, and 750 

50.0 

6 numbers, hard 

0.025 

Mill anneal 600+ 

60.4 

8 numbers, hard 

0.051 


There were, therefore, twenty-one samples of each alloy, four in the 
annealed condition, four each rolled 1, 2, 4, and 6 B. & S. numbers 
and one each rolled 8 B. & S. numbers hard. The total surface area of 
the 21 samples was 215.3 sq. in. The total surface areas of the individual 
specimens were; 


Annealed 

1 number, hard 

2 numbers, hard 
4 numbers, hard 
6 numbers, hard 
8 numbers, hard 


11.49 sq. in. 
9.99 sq. in. 
9 . 89 sq. in. 
9 . 83 sq. in. 
9.75 sq. in. 
11.49 sq. in. 
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Table Z— Analyses of Sheet Metal for Corrosion Tests in Sea Water 


•2 

Alloy 

Per Cent, 
Copper 

Per Cent. 

Zinc 

•J 

Oi 

Ph 

Per Cent. 

Lead 

Per Cent. 

Iron 

Per Cent. 

Tin 

Per Cent, 
ansanese 

Per Cent. 
Aluminum 

Per Cent. 
PhcMaphorus 

A 

Copper 

99.943 









B 

Gildmg 

96.91 

3.06 


0.01 

0.02 





M 

Gilding 

94.90 

5.07 


0.02 

o.or 




Q 

Commercial bronze 

89.93 

10.02 


0.02 

0.03, 




Z 

Low brass 

80.07 

19.86 


0.05 

0.02 





V 

Brass 

72.45 

27.47 


0.0610.02 





T 

Brass 

66.11 

33.83 


0.04 

0.02 




0 

Brass 

66.20 

33.65 


0.13 

0.02 





E 

Brass 

63.32 

36.50 


0.15 

0.03 





D 

Brass 

61.79 

38.06 


0.13 

0.02‘ 




C 

Muntz 

60.49 

39.29 


0.15 

0.07 





S 

Leaded brass 

67.29 

31.99 


0.69 

0.03 





J 

Bronze 

94.72 

0.22 

i 

1 ! 



5.00 




R 

Bronze 

91.30 

0.14 

1 



8.44 




N 

Bronze 

92.73 

6.54 


0.02 

0.06;0.65 




X 

Low brass 

80.84 

18.08 


0.07 

0.060.95 

1 



w 

Admiralty 

69.72 

28.92 

1 

1 

0.03 

0.041.29 

1 



p 

Tobin bronze 

61.31 

37.72 

1 

0.06 

0.040.87 


1 

1 

H 

Cupro-nickel 

75.46 

0.00|24.12 


0.15 


0.27 


I 

Cupro-nickel 

79.89 

0.00 

19.88 


0.09 


|0.14 


G 

Cupro-nickel 

84.75 

0.00 

14.99 


0,12 


o.w; 


U 

Nickel-silver 

57.42 

26.71 

15.51 


0,23 


0.12 



E 

Cupro-nickel 

89.27 

0.00 

10.35 


0.15 


0.23 



Y 

Aluminum bronze 

95.14 

0.00 






4.86 


L 

Phosphor bronze 

95.72 

0.00 




4.09 



0.29 

F 

Aluminum bronze 

92.24 

0.00 






7.76: 

1 

' 


The “Mark” indicates alphabetically the order of greatest loss; copper losing most 
and low brass least; see Table 4. 
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Table 4. — Corrosion of Copper Alloys in Sea Water (21 Samples Including 
Rolled and Annealed Material of Each Alloy; Total Area Exposed, 


215.3 Sq. In.) 


Period 

0-2 

Months 

2-4 

Months 

4-6 [ 6-10 

Months 1 Months j 

10-16 

Months 

16-39 1 39-62 
Months Months 

62-98 
Months 1 

Total 

Loss, 

Grams 

Mark 

Loss in Weight for Eight Consecutive Periods, in Grams per Square Inch 
per Month 

per 

Square 

Inch 


a 

B 

C 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

N 

O 

P 

Q 

R 

S 

T 

U 

V 
W 
X 

Y 
Z 


0.00719 
0.00654 
0.00167 
0 00329 
0.00459 
0.00000 
0 00594 
0 00473 
0.00469; 
0.00673 
0 00654 
0.00599 
0 00640 
0.00575 
0 00566, 
0.00455! 
0.00575 1 
0. 00580 ! 
0.004641 
0. 00557 i 
0 00334 
0.00524 1 
0.00464! 
0.00557 
0.00018 
0 00464 


0.002741 
0.00218 
0.00315 
0.00376 
0.00315 
0.00013, 
0 00106: 
0 00143 
0. 00148 i 
0.00102 
0.00078 
0.00143, 
0.00246: 
0.001761 
0.00143' 
0 001251 
0.00190 
0.00051' 
0. 00148, 
0.00134 
0 00241 
0.00120 
0.00120 
0. 00097 i 
0.00009 
0 001431 


0.00301 j 
0.00102 1 
0.00334' 
0 00241' 
0.002271 
0.00079! 
0.00074! 
0.00125 
0. 000971 
0.00013' 
0 00032 
0.00092 
0.00102 
0 00060 
0 00060 
0.00032 
0.00074 
0 00023 
0.00065 
0.00041 
0.00116 
0.00069! 
0.00023 
0.00018 
0.00037: 
0.00046, 


0.00051 
0.00023 
0.00181 
0 00176 
0.00139 
0.00037 
0.00037 
0.00037 
0.00037 
0.00023 
0.00023 
0 00027 
0 00027 
0.00023 
0.00037; 
0 00032 
0 00023 
0.00023; 
0.00037; 
0 00027 1 
0.000321 
0. 00032 j 
9 00023 1 
0.000181 
0.00032! 
0.000271 


0.01393 
0.01147 
0.01096 
0.00887 
0.00766 
0.01272 
0.00998 
0.01091 
0.01086 
0.00984 
0.00859 
0.00863! 
0.00719 
0 00808 
0 00227 
0.00343 
0.00492; 
0 00636 i 
0 002641 
0.00213' 
0 00399; 
0 00227 1 
0 002501 

0 00399! 

0. 00975 i 
0 002921 


0 00181 
0.00143, 
0.00148! 

0.00153! 

0.001761 
0.00385 
0.00125 
0.00106 
0.00102 
0.00153 
0 00162 
0 00167 
0 00106 
0.00106 
0.00167 
0 00157 
0 00088 
0 00078 
0 00139 
0.00111 
0 000691 
0.00078; 
0. 000831 
0. 00055 1 
0 00134; 
0.00055 I 


0.00325 
0.00339 
0.00264 
0.00311 
0.00315 
0.00571 
0.00301 
0.00236 
0 00278 
0.00264 
0 00325 
0.00260 
0.00264 
0 00246 

0.00297! 

0.00325' 

0.00134, 

0.00199; 

0.00260; 

0.002501 

0.00176 

0.00227 

0.00213 

0.00130 

0.00116 

0.00139, 


0.00065 
0.00065 
0.00125 
0.00111 
0.00125 
0.00065 
0.00111 
0.00106 
0.00092 
0.00055 
0 00102 
0.00065 
0.00051 
0.00055 
0.00213 
0 00176 
0.00069 
0 00046 
0.00176 
0.00130 
0.00069 
0.00097 
0.00195 
0.00083 
0.00023 
0.00083 


0.03309 
0.02691 
0.02630 
0.02584 
0.02522 
0.02422 
0.02346 
0.02317 
0.02309 
0.02267 
0.02235 
0.02216 
0.02155 
0 02049 
0.01710 
0.01645 
0.01645 
0.01636 
0.01553 
0.01463 
0.01436 
0.01374 
0.01371 
0.01357 
0.01344 
0.01249 


Note. — The letters indicate the alloys whose compositions are given in Table 3. 
been used to prepare Figs. 8 to 10, inclusive. 


These data have 
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Table 5. — Corrosion of Copper Alloys in Sea Water 


Per cent, copper. . . . 
Per cent. *inc ... 


8 numbers hard . . 
750® C. 

Annealed 

1 number hard 

2 numbers hard 
4 numbers hard 
6 numbers hard 

650® C. 

Annealed 

1 number hard 

2 numbers hard 
4 numbers hard 
6 numbers hard 

550® C. 

Annealed 

1 number hard 

2 numbers hard 
4 numbers hard 
6 numbers hard 

450® C. 

Annealed. . . . 

1 number hard 

2 numbers hard 
4 numbers hard 
6 numbers hard 

Total ... . 


Per cent, copper 
Per cent, zinc 
Per cent, tin 
Per cent, lead . 


8 numbers hard . 
.750® C. 

Anneal 

1 number hard 

2 numbers hard 
4 numbers hard 
6 numbers hard 

650® C. 

Anneal 

1 number hard . 

2 numbers hard 
4 numbers hard 
6 numbers hard 

560® C. 

Anneal 

1 number hard 

2 numbers hard 

4 numbers hard . 
6 numbers hard 

450® C. 

Anneal 

1 number hard 

2 numbers hard . 
4 numbers hard . 
6 numbers hard . 

Total 


Total Loss of Each Sample in Yr., Expressed as Grams Lost 
per Square Inch of Surface Exposed 


99.943 

97 

95 

90 

80 

72 

66.6 


3 

5 

10 

20 

28 

33 3 

0.0151 

0.0170 

0.0097 

0 0081 

0.0068 

0.0073 

0.0086 

0.0136 

0.0105 

0.0084 

0.0056 

0 0057 

0.0057 

0.0068 

0.0104 

0.0099 

0.0072 

0 0072 

0 0049 

0.0053 

0.0068 

0.0095 

0.0097 

0.0071 

0 0055 

0 0046 

0.0066 

0.0074 

0 0148 

0.0092 

0.0088 

0 0054 

0 0054 

0.0066 

0.0077 

0.0152 

0.0110 

0.0062 

0.0066 

0 0056 

0.0069 

0.0082 

0.0156 

0.0084 

0.0066 

0 0056 

0 0051 

0.0059 

0.0076 

0.0107 

0.0083 

0.0058 

0 0054 

0 0050 

0.0054 

0.0061 

0.0086 

0.0078 

0.0054 

0.0045 

0 0044 

0.0058 

0.0064 

0 0144 

0.0074 

0.0123 

0 0058 

0 0055 

0 0072 

0.0083 

0 0129 

0.0136 

0.0079 

0 0063 

1 0.0047 

1 

0 0064 

0.0083 

0.0105 

0.0113 

0 0068 

j 0 0058 

1 0 0051 

0.0059 

0 0080 

0.0110 

0.0119 

0.0089 

1 0.0051 

1 0 0046 

0 0057 

0.0064 

0 0101 

0 0117 

1 0.0056 

i 0.0059 

! 0.0051 

, 0.0067 

0 0072 

0 0112 

1 0.0119 

, 0 0078 

j 0.0054 

0 0045 

0 0063 

0.0074 

0.0116 

1 0 0118 

' 0.0104 

0.0066 

0.0049 

0 0067 

0.0087 

! 

0 0122 

1 0.0089 

1 0 0073 

1 0.0059 

1 

0.0050 

0.0064 

0.0079 

0 0112 

0.0104 

0 0094 

1 0.0062 

1 0.0052 

0.0066 

0.0071 

0.0106 

0.0107 

0.0069 

0.0052 

0 0048 

0 0070 

0.0074 

0.0116 

0.0123 

0.0119 

, 0 0060 

0 0053 

0.0070 

0.0083 

0 0087 

0.0100 

0 0077 

1 0 0059 

1 0 0046 

0 0066 

0.0077 

0 2495 

0 2237 

0 1681 

1 0.1240 

1 0 1068 

0.1340 

1 0.1583 


65 

63 i 

61 5 

60 

66 25 

95 

92 

35 

37 I 

38.5 

40 

33.25 

5 



1 



d 



0.0087 

0.0109 

0.0116 

0.0108 

0.0096 

0.0099 

0.0064 

0.0117 

0.0090 

0.0091 

0.0104 

0 0088 

0.0107 

0.0090 

0.0117 

0.0089 

0.0088 

0.0092 

0 0051 

0.0094 

0 0058 

0.0120 

0.0097 

0 0101 

0 0106 

0 0078 

0.0092 

0.0049 

0.0085 

0.0098 

0.0098 

0.0091 

0 0115 

0.0080 

0.0052 

0.0093 

0.0104 

0.0110 

0.0097 

0.0094 

0.0068 

0.0049 

0.0132 

0.0140 

0.0109 

0.0110 

0.0088 

0.0110 

0.0074 

0.0121 

0.0116 

0.0092 

0.0098 

0 0066 

0.0098 

0.0057 

0.0117 

0.0104 

0.0099 

0.0107 

0 0098 

0.0087 

0.0056 

0 0089 

0.0108 

0.0111 

0.0121 

0 0074 

0.0087 

0.0052 

0.0094 

0.0101 

0.0111 1 

0.0089 

0.0089 

0.0086 

0.0049 

0.0121 

0.0125 

0 0123 

: 0.0124 

0.0091 

0.0108 

0.0102 

0.0108 

0.0119 

0.0105 1 

1 0.0102 

0.0101 

0.0089 

0.0063 

0.0088 

0.0113 

0.0107 

[ 0.0113 

0.0111 

0.0079 

0.0049 

0.0091 

0.0103 

0.0108 

1 0.0112 

0.0106 

0.0086 

0.0054 

0.0095 

0.0128 

0.0132 

0.0115 

0.0085 

0.0089 

0.0076 

0.0107 

0.0116 

0.0109 

0.0117 

0.0054 

1 

0.0108 

0.0086 

0.0086 

0.0111 

0.0118 

0.0109 

0.0115 

0.0095 

0.0078 

0.0090 

0.0108 

0.0114 

0.0146 

0.0091 

0.0081 

0.0059 

1 0.0095 

0.0120 

0.0114 

0.0120 

0.0086 

0.0089 

0.0064 

1 0.0092 

0.0105 

0.0110 

0.0108 

0.0081 

0.0088 

0.0050 

1 0.2145 

0.2304 

0.2266 

0.2289 

0.1858 

0.1920 

0.1331 
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Table 5. — Continued 


Total Loss of Each Sample in Yr., Expressed as Grams Lost 
per Square Inch of Surface Exposed 


Per cent, copper. . 

93.0 

81 

70 

60.00 

75 

80 

85 

Per cent, zinc 

6.5 

18 

' 29 

39.25 




Per cent, tin 

0.5 

1 

1 

0.75 




Per cent, nickel. . . . 





25 

20 

15 

8 numbers hard . 

0.0075 

0 0052 

0.0080 

0.0095 

' 0.0102 

0.0093 

0.0113 

750® C. 








Anneal . . . . 

0 0105 

0.0061 

0.0057 

0 0116 

0.0103 

0.0109 

0.0115 

1 number hard . 

0 0082 

0.0049 

0.0047 

0 0100 

0.0091 

0.0091 

0.0106 

2 numbers hard. 

0.0073 

0 - 0055 

0.0071 

0.0094 

0.0096 

0.0094 

0.0106 

4 numbers hard 

0 0058 

. 0.0048 

0.0123 

0.0108 

0.0087 

0.0093 

0.0101 

6 numbers hard 

0 0070 

0.0057 

0.0096 

0.0093 

0.0089 

0.0091 

0.0099 

650® C. 








Anneal 

0.0075 

0.0057 

0.0090 

0 0155 

0 0106 

0.0105 

0.0115 

1 number hard. . 

0 0055 

0.0049 

0 0049 

0.0130 

0.0091 

1 0.0095 

0.0099 

2 numbers hard 

0 0066 

0.0049 

0.0053 

0.0085 

0.0097 

0.0101 

0.0098 

4 numbers hard 

0.0066 

0.0050 

0 0074 

0 0086 

0.0096 

0.0097 

0.0108 

6 numbers hard 

0.0056 

0.0050 

0.0090 

0.0097 

0.0090 

0.0093 

0.0099 

550® C. 








Anneal 

0 0111 

0 0064 

0.0100 

0 0125 

0.0118 

, 0.0109 

0.0113 

1 number hard 

0.0086 

0 0048 

0 0055 

0.0087 

' 0.0092 

' 0.0098 

0.0102 

2 numbers hard 

0.0074 

0 0049 

0.0125 

0.0072 

0.0091 

; 0.0095 

0.0098 

4 numbers hard 

0 0083 

0 0047 

0 0062 

0 0103 

0.0092 

! 0.0091 

0.0091 

6 numbers hard 

0 0108 

0.0056 

0.0096 

0.0091 

0.0089 

i 0.0088 

0.0086 

450® C 








Anneal 

0 0099 

0 0053 

0 0059 

0 0090 

0.0104 

0.0110 

0.0112 

1 number hard 

0.0089 

0 0051 

0.0078 

0 0084 

0 0100 

0.0094 

0.0092 

2 numbers hard 

0 0075 

0.0051 

0.0101 

0.0094 

0.0090 

0.0089 

0.0109 

4 numbers hard 

0 0087 

0 0048 

0.0091 

0.0088 

0.0098 

0.0098 

0.0102 

6 numbers hard 

0 0087 

0.0064 

0 0079 

0 0092 

0 0089 

0.0092 

0.0095 

Total . . 

0 1680 

0 1108 

0 1676 

0 2085 

0.2011 

0.2026 

0.2159 

Per cent, copper . . 

56 66 

90 

95 

95.5 

92 



Per cent, zinc 

28 33 







Per cent, nickel 

15 00 

10 




i 


Per cent, aluminum, . 



! 5 


! 8 



Per cent tin 




4.5 


1 


Per cent, phosphorus . 




0.5 


1 


8 numbers hard. . 

0 0057 

1 0.0108 

, 0.0054 

0 0059 

! 0.0187 


0.2480 

750® C 





! 



Anneal . . . , 

0.0061 

1 0.0109 

0.0038 

0.0116 1 

i 0.0200 


0.2440 

1 number hard . . 

0 0048 

1 0.0098 

0.0063 

0.0102 

; 0.0152 


0.2135 

2 numbers hard . . 

0 0053 

0.0099 

0.0060 

0.0098 

' 0.0183 


0.2229 

4 numbers hard . . 

0 0049 

; 0.0098 

0 0063 

0 0082 , 

0.0151 


0.2259 

6 numbers hard . . 

0.0059 

1 0.0096 

0.0064 

0.0094 

0.0146 


0.2266 

650® C. 




1 

i 




Anneal 

0.0065 

0 0102 

0.0067 

0.0103 1 

0.0174 


0.2525 

1 number hard . 

0.0050 

0.0109 

0.0055 

0.0078 

0.0150 


0,2125 

2 numbers hard. . 

0.0053 

0.0103 

0.0077 

0.0094 1 

0.0173 


0.2146 

4 numbers hard. . . 

0.0059 

0 0105 

0.0079 

0.0061 1 

0.0156 


0.2288 

6 numbers hard . . ... 

0.0055 

0.0098 

0.0070 

0.0085 1 

1 

0.0149 


0.2252 

550® C. 




1 

1 




Anneal ' 

0.0085 

0.0127 

0 0052 , 

0.0118 

0.0171 


0.2621 

1 number hard 

0.0060 

0.0106 

0.0044 ' 

0.0092 

0.0160 


0.2253 

2 numbers hard. . . 

0.0055 

0.0095 

0.0041 I 

0.0094 

0.0148 


0.2220 

4 numbers hard ... , 

0.0063 

0.0109 

0.0065 i 

0 0088 

0.0137 


0.2236 

6 numbers hard. ... 

0.0061 

0.0099 

0.0054 

0.0085 

0.0107 


0.2347 

450® C. 



1 





Anneal ; 

0.0067 

0.0114 

0.0052 

0.0103 

0.0177 


0.2373 

1 number hard i 

0.0051 

0.0097 

0.0075 

0.0096 

0.0148 


0.2328 

2 numbers hard 

0.0052 

0.0094 

0.0051 

0.0090 

0.0140 


0.2251 

4 numbers hard 

0.0058 

0.0100 

0.0059 

0.0092 

0.0123 


0.2356 

6 numbers hard . . » . . . . i 

0.0056 

0.0102 

0.0082 

0.0086 

0.0093 


0.2163 

Total 

0.1217 

0.2168 

0.1265 1 

0.1916 

0.3225 


4.8293 
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Table 6. — Influence of Grain-size and Hardness of Test Pieces Upon Rate 
of Corrosion, Expressed as Grams Lost Per Square Inch of 
Surface Exposed 


Copper 


Anneal 

750° C. 

650° C. 

550° C. 

* 450° C. 

Totals 

Annealed 

0.0136 

0.0156 

0.0105 

0.0122 

0.0519 

1 number hard . 

0 0104 

0 0107 

0.0110 i 

0.0112 

0.0433 

2 numbers hard 

0.0095 

0 0086 

0.0101 

0 0106 

0.0388* 

4 numbers hard 

0.0148 

0 0144 

0.0112 

0 0116 

0.0520 

6 numbers hard. 

0.0152 

0.0129 

0.0116 

0.0087 

0.0484 

Total 

0.0635 

0 0622 

0 0544 

0 0543* 

, 0 2344 


Gilding and Commercial Bronze — 97 per cent, to and including 85 per cent, copper 


Annealed 

0 0245 

0 0206 

0 0239 

0 0221 

0.0911 

1 number hard 

0 0243 

0 0195 

0.0259 

0 0260 

0 0957 

2 numbers hard 

0.0223 

0.0177 

0 0232 

0.0228 

0.0860* 

4 numbers hard . 

0.0234 

0 0255 

0 0251 

0 0302 

0.1042 

6 numbers hard 

0.0238 

0 0278 

0.0288 

1 0.0236 

1 

1 0.1040 

Total 

1 0.1183 

! 

1 0.1111* 

0 1269 

1 0.1247 

i 0 4810 

! 


Low Brasses — 85 per cent, to and including 70 per cent, copper 


Annealed . . . . 

0 0114 

0.0110 

0.0110 

0.0114 

0 0448 

1 number hard 

0.0102 

0 0104 

0.0103 

0.0118 

0.0427* 

2 numbers hard 

0.0112 

0.0102 

0.0118 

0 0118 

0.0450 

4 numbers hard 

0 0120 

0.0127 

0.0108 1 

0.0123 

0 0478 

6 numbers hard 

0 0125 

0.0111 

0.0116 ! 

0.0112 

0 0464 

Total ... , . 

0 0573 

0 0554* 

0 0555 

0 0585 1 

0.2267 


Brasses — 70 per cent, to and including 65 per cent, copper 


Annealed 

0.0185 

0.0208 

0.0201 

0.0186 

0.0780 

1 number hard .... 

0.0185 

0.0182 

0.0172 

0 0157 

0.0696 

2 numbers hard 

0.0194 

0.0181 

0 0160 

0 0164 

0.0699 

4 numbers hard 

0.0162 

0.0172 

0 0165 

0.0178 

0.0677* 

6 numbers hard 

0.0175 

0.0177 

0.0182 

0.0169 

0.0703 

Total 

0 0901 

0 0920 

0 0880 

0.0854* 

0.3555 

Muntz Metals — 63 per cent, to and including 60 per cent. 

copper 


Annealed 

0.0285 

0.0359 

0.0372 

0.0342 

0.1358 

1 number hard . . ... 

0.0269 

0.0306 

0.0326 

0.0338 

0.1239* 

2 numbers hard . 

0.0304 

0.0310 

0.0333 

0.0368 

0.1315 

4 numbers hard ... 

0.0287 

0.0340 

0.0323 

0.0354 

0.1304 

6 numbers hard 

0.0311 

0.0301 

0.0375 

0.0323 

0.1310 


0.1456* 

0.1616 

0.1729 

0.1725 

0.6526 



* Indicates the points of least loss in weight. 
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Table 6. — Continued 


Anneal 

1 

750“ C. 

i 

650° C. 

550° C. 

450° C. 

Totals 

Bronzes — Copper-tin alloys 

Annealed 

! 1 

1 0 0197 1 

1 ! 

1 0.0184 1 

0.0210 

0.0194 

0.0785 

1 number hard. 

0.0152 

0.0155 

0.0152 

0.0173 

0.0632 

2 numbers hard 

0 0141 

0.0143 

0.0128 

0.0140 

0.0552* 

4 numbers hard 

! 0.0132 

0.0139 

0.0140 

0.0153 

0.0564 

6 numbers hard 

, 0.0117 

0.0135 

0.0165 

0.0138 

0.0555 

Total 

0 0739* 

0 0756 

0 0795 

0.0798 

1 0.3088 

! 


Copper-Binc-tin alloys 


Annealed 


1 

1 0.0339 

0.0377 

1 

1 0.0400 

1 

1 0.0301 1 

0.1417 

1 number hard 


' 0 0278 

0.0283 

! 0 0276 

I 0 0302 

0 1139* 

2 numbers hard 


0 0293 

0 0253 

i 0.0320 

0.0321 

0.1187 

4 numbers hard 


0 0337 

0.0276 

' 0 0295 

I 0.0314 

0.1222 

6 numbers hard 


0 0316 

0 0293 

: 0.0351 

0 0322 

1 0 1282 

Total . . , 


0.1563 

0.1482* 

1 0.1642 

! 

0.1560 

; 0.6247 


Copper-nickel alloys 


i 

Annealed ... ^ 

i 

0 0436 

0.0428 

0 0467 

; 0.0440 

0.1771 

1 number hard . 

0 0386 

0 0394 

0 0398 

1 0 0383 

0 1561 

2 numbers hard 

0 0395 

0 0399 

; 0.0379 

! 0 0382 

0.1555 

4 numbers hard 

0.0379 

0 0406 

, 0.0383 

0.0398 

0.1566 

6 numbers hard 

0 0375 

0.0380 

0.0362 

0.0378 

0.1495* 

Total . . . . j 

0.1971* 

0.2007 

0.1989 

0.1981 

0.7948 


Aluminum bronzes 


Annealed ... 

1 

' 0 0238 

0.0241 

0.0223 

j 0.0229 

0.0931 

1 number hard 

0.0215 

0.0205 

0.0204 

0 0223 

0.0847 

2 numbers hard 

0.0243 

0.0250 

0.0189 

0 0191 

0.0873 

4 numbers hard . 

0.0214 

0.0235 

0.0202 

0.0182 

0 0833 

6 numbers hard . 

0.0210 

0.0219 

0.0161 

0.0175 

0.0765* 

Total 

0.1120 

0.1150 

0.0979* 

0.1000 

0.4249 



* Indicates the points of least loss in weight. 


Periodical Examination of Corroded Metal 

During the first year, the specimens were removed every two months 
and scoured with a stiff bristle brush to remove all loose scale and salts 
formed by corrosion. After cleaning in this manner, the pieces were 
weighed with an accuracy of 0.01 gm. The individual samples weighed 
from 16 to 40 gm. each. All the data for each specimen have been 
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At end of 18 months, corrosion products were quite distinctive; photograph op one complete set of specimens reveals 

CHARACTERISTICS THAT ARE SHOWN AT HIGHER MAGNIFICATIONS IN FiGS. 5 AND 6. 
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assembled into totals arranged according to alloys, also according to 
hardness or temper, and anneals; these are to be found in Tables 4, 5, 
and 6 and are graphically shown in Fig. 8. It was soon evident that, so 
far as corrosion and loss of weight were concerned, conclusions applied 
almost equally to all (21) specimens of a single alloy irrespective 
of temper. After the first year, the specimens were cleaned and inspected 
every six months but were weighed only after longer intervals. Photo- 
graphs and photomicrographs of the corroded surfaces completed 
the inspection. 



Fig. 4. — Muntz metal and aluminum bronze showing dezinkification and 
PITTING, respectively, AT END OP 18 MONTHS,’ ALTERNATE SPECIMENS HAVE HAD PROD- 
UCTS OF CORROSION REMOVED. 


Copper-zinc Alloys 

From the first, it was found that of the copper-zinc alloys those 
ranging from 70 to 85 per cent, resisted corrosion better than the others. 
The Muntz metal lost little in weight at the beginning but, as dezinkifica- 
tion progressed and the loose friable salts crumbled, the losses pro- 
gressed rapidly. Pure copper and copper with small amounts of zinc, 
up to 10 per cent., also had heavy losses from the start; The point 
of lowest loss is in the neighborhood of 80 per cent, copper. A plot of the 
losses of the copper-zinc series during each period is given in Fig. 9. 
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Copper Copper 95 per cent., zinc 5 per cent. 



Copper 80 per cent., zinc 20 per cent. Copper 70 per cent., zinc 30 per cent. 



Copper 65 per cent., zinc 35 per cent. Copper 60 per cent., zinc 40 per cent. 
Fig. 5. — Types op corrosion of copper-zinc series; raoqed-edqed areas in 70 

PER CENT. COPPER ALLOY AND BELOW ARE DEZINKIFIED. X 75. 
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Bronze 

Copper 92 per cent., tin 8 per cent. Copper 75 per cent., nickel 25 per cent. 



Admiralty alloy Aluminum bronze 

Copper 70 per cent., zinc 29 per cent., Copper 92 per cent., aluminum ! 
tin 1 per cent. per cent. 



Manganese bronze Tobin bronze 

Copper 59 i>er cent., zinc 39 per cent., Copper 60 per cent., zinc 39.25 per cent., 
tin, 0.70 per cent., iron 0.80 per cent., tin 0.75 per cent, 

manganese 0.50 per cent. 

Fig. 6. — Types op corrosion, 'even solution of bronze and cupro-nickel, 

DBZINKIPICATION OP MANGANESE AND TOBIN BRONZE, PITTING OP ALUMINUM BRONZE. 

X 7.5. 


W. H. BASSETT AND C. H. DAVIS 


767 



Tube, copper 95 per cent., zinc 5 per cent.; failed by pitting in 2 years, 11 months. 



Tube, copper 70 per cent., zinc 30 per cent, (tinned upon inner surface); failed by 
pitting in 2 years, 11 months. 



Tube. Conner 92 ner cent., aluminum 8 ner cent.: failed hv nittincr in 3 vears. TmonthR. 
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Copper ^nickel Alloys 

Copper alloys containing from 10 to 25 per cent, nickel suffered 
approximately equal losses in weight from corrosion; see Fig. 10. These 
losses were greater than in the case of the best of the brasses. The nickel 
alloy of 57 per cent, of copper, 28 per cent, of zinc, and 15 per cent, of nickel 
lost much less than the cupro-nickels. It compared favorably with the 
brasses containing about 70 per cent, of copper in tenacity of scale and 
loss in weight. 

A characteristic of the nickel alloys is the flaking off of the scale formed 
by corrosion, if allowed to become dry, and the consequent loss of pro- 
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tection usually afforded in this manner to some of the alloys. Under 
actual service conditions, therefore, the nickel alloys described might 
make a poorer showing than these experimental tests would indicate. 


Copper-tin Alloys 

Increase in the tin content of bronzes aids resistance to corrosion. 
Those with 5 per cent, of tin, including the phosphor-bronze, suffer greater 
loss than those having 8 per cent. tin. In general, it would appear that 
the bronzes, copper-tin only, lose less than the cupro-nickel alloys but 
more than the high-copper brasses. 
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Copper •aluminum Bronzes 

The aluminum bronzes kept their original smooth surface finish 
without tarnishing or corroding and lost practically nothing in weight for 
several months; then small round pits appeared around the edges of the 
samples and along scratches. These pits continued to grow in size and 
depth slowly during the first year (see alloys F and T, Fig. 8) but 
rapidly thereafter. The aluminum bronzes, which for a year showed 
hardly any corrosion, at the end of 18 months were badly pitted, 
some of the pits passing completely through the specimen. The scale 
covering the samples was deep green, with large patches of white 
aluminum salts covering the pitted areas. Near the pits were deposited 



Fig. 9. — Comparison of rates of loss of brasses by corrosion in sea water; 
TOTAL time, 98 Months; total area exposed, 215.3 sq. in. of each alloy; 21 samples 

ANNEALED AND ROLLED OF EACH ALLOY. 

thin areas of reddish-purple copper; this deposit was hard and firm and 
gave the only positive evidence of redeposition on the surface of the 
samples. Fig. 4 shows the aluminum bronzes with scale and with 
scale removed; it illustrates the wide pitted areas and adjacent copper 
deposits. White incrustations of aluminum salts build up over each 
pit in large spongy masses. For comparison Muntz metal specimens 
are shown in the same photograph. 

In the plotted results (Fig. 8), the 5 per cent, aluminum bronze 
occupies a very favorable position next to low brass. But considering 
the depth of pitting characteristic of all the specimens the aluminum 
bronzes are not worthy of the position and from our present knowledge 
must be judged inferior to several of the other alloys investigated. The 
fact remains, however, that after 98 months immersion in sea water por- 
tions of the original surface are still intact. 

Copper-zinc-tin Alloys 

Alloys of copper, zinc, and tin form a corrosion-loss curve similar to 
that of brass (Fig. 9). Where the beta constituent is present, how- 
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ever, as in Tobin bronze, the tin undoubtedly increases the resistance of 
the alloy to sea-water corrosion, the losses being similar to those 
of the brasses rather than to those of Muntz metal. Experience with 
Tobin bronze in actual service bears out the truth of these conclusions. 

Lead 

A small amount of lead (0.50 per cent.) in brass appears to have no 
appreciable effect on the rate or manner of corrosion by sea water. 

Effect of Annealing or Grain Size on Corrosion 

In Tables 4, 5, and 6 are given, in detail, the total losses of the 
specimens grouped in such a manner that one may verify the conclusions 
which follow: 


Influence of Hardness and Grain-size of Test Pieces upon Rate of Corrosion 

When considered as groups, the alloys suffered least loss when hard 
rolled to the extent here given; 

Annealed Finished with 
AT Reduction, 

Degrees C. Per Cent. 


Copper 450 20.7 

Gilding and commercial bronze 650 20.7 

Low brasses 650 10.9 

Brasses 450 37.1 

Muntz metals 750 10 9 

Bronzes... .... ... 750 50.0 

Bronzes 650 10.9 

Cupro-nickels 750 50.0 

Aluminum bronzes 550 50 0 


Annealed specimens lost more than the hard-rolled material, but the 
annealing temperatures at which least loss occurred are as follows : 


Annealed at 
Degrees C. 


Copper 550 

Gilding and commercial bronzes . 650 

Low brasses 550-650 

Brasses . 750 

Muntz metals 750 


Annealed at 
Degrees C. 

Bronzes (Cu-Sn) 650 

Bronzes (Cu-Zn-Sn) 450 

Cupro-nickels . .... 650 

Aluminum bronzes 550 


Accelerated Corrosion by Salt Spray 
Description of Apparatus 

The apparatus used was similar to that used for testing zinc coatings 
on galvanized articles and described by Finn. ^ It is an inclined Alberene 
stone box covered with a glass plate and fitted with a spray nozzle oper- 
ated by compressed air, the samples being supported by a glass rod. The 
solution used contained 20 per cent., by weight, of common salt (NaCl). 

• A. N. Finn: Proc. A. S. T. M. (1918) 18 , 237. 
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At the approximate time of the completion of the 10-year sea-water 
tests, a 1-year test by salt spray was undertaken on a copper-zinc series 
from pure copper down to 60 per cent, copper and 40 per cent. zinc. 
Commercial copper and twelve alloys in sheet form 4 by 4 by 0.020 in. 
gage, and annealed, were suspended on glass rods and subjected to the 
regular 20 per cent, salt spray. 

The loss in weight results are expressed graphically in Fig. 11. The 
curves are characteristically the same as those shown for losses by weight 
of similar alloys in sea water. Fig. 9. As in the case of those in sea water, 
the alloys from copper to 85 per cent, copper and 15 per cent, zinc pitted, 
and those from 75 per cent, copper to 60 per cent, copper dezinkified. 
The actual depth of pits was from 6 to 12 times the depth of calculated 
average penetration by solution, and the depth of dezinkification, though 
not measured, was apparently as great or greater than the depth of the 
pits in the samples that were not dezinkified. Depth of either pitting 
or dezinkification actually determines the life of the alloys in the copper- 
zinc series. 

The salt-spray test affords a convenient and satisfactory means for 
the study of the rates of corrosion for continuous periods of different 
lengths. It is also indicative of the true relative resistance of the 
alloys, whereas in the sea-water tests the initial rates of loss were very 
low, for instance in the case of Muntz metal, and consequently 
were misleading. 

From a practical standpoint the salt-spray and sea-water tests both 
show that the better alloys are not endangered but are rather protected by 
the presence of corrosion scale, whereas the alloys having a tendency to 
become pitted and dezinkified are progressively, and perhaps more vio- 
lently, attacked beneath the scale. 

A minimum test in salt spray of 3 months duration seems essential for 
the alloys under discussion. 

Conclusions 

Tubes of many alloys successfully withstood the 10-year attack of the 
sea water by solution, pitting, or dezinkification. In order to select or to 
predict those that would be the best, it will be necessary to rely on visual 
and microscopic examination (where the personal element is introduced) 
as well as on the loss in weight data supplied by sea-water and salt-spray 
tests on small sheet-metal specimens of similar composition. It is 
apparent that a selection of material best suited to resist salt-water corro- 
sion should avoid the tendency toward both pitting and dezinkification. 
The copper-zinc series should be homogeneous alpha brass of the region 
between 70 and 85 per cent, copper. If tin can be added to these alloys, 
so as to become a part of the solid solution, no apparent harm is done. 
In fact, previous investigations as well as practical service conditions have 
tended to show that in many cases the addition of tin to alloys for use 
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with salt water was beneficial. For instance, in this experiment, the 
length of life of a Muntz (60 per cent, copper and 40 per cent, zinc) type 
of tube was increased from 2 to more than 10 years by the addition of 
tin (Tobin bronze). 

Tinning or tin-plating in a commercial manner the inner surface of the 
tubes appears to retard the corrosion of Muntz metal for a month or two 
but, in the case of 70-30 copper-zinc alloys, the presence of tin on the 
surface has caused severe dezinkification and failure. Furthermore, 
tinned Admiralty tubes in harbor and sea-water service, in several 
instances brought to our attention, failed by dezinkification and deep 
pitting. Rather than tinning the condenser tubes, it would be consid- 
ered better practice to choose the alloy best fitted to withstand the 
service conditions. 

Of the other alloys, those that appear to be serviceable include the 
copper-tin mixtures of the alpha region and the cupro-nickels and copper- 
nickel-zinc alloys. The bronzes (Cu-Sn) do not become pitted but dis- 
solve slightly and evenly, the losses in weight being somewhat greater 
than those of the better brasses. The bronzes and nickel alloys rank 
together in this respect, both the sheet and tube samples being in good 
condition at the end of the test. 

Of the nickel alloys, the copper-nickel-zinc specimens formed a 
firmer corrosion scale, which was protective and did not easily flake off — 
that upon the cupro-nickel (Cu-Ni) came off easily, especially on drying, 
which fact apparently explains the greater loss in weight of those spec- 
imens. The nickel alloys dissolved evenly and did not become pitted 
but they appear less suitable for condenser tubes than the best of the 
brasses. They lose more in weight, cost more, and are more difficult 
to manufacture; hence are more liable to faults than the brasses of the 
. 70 to 80 per cent, copper region. These last considerations likewise 
apply to the bronzes (copper-tin). 

The alloys unsuitable for condenser tubes would include the brasses 
above 85 per cent, copper, those below 70 per cent, copper, manganese 
bronze, and aluminum bronzes. Pitting or dezinkification causes tubes 
of these alloys to fail rapidly. 

The brasses best fitted by composition for use with sea water resist 
corrosion to the fullest extent when finished with a 10 per cent, reduction 
following a 650® C. anneal (3^ hr. annealing period). Considering 
annealed specimens only, the brasses were at their best with a 550® to 
650® C. anneal, whereas the brasses containing tin, including the Admi- 
ralty alloy, were most resistant at the 450° C. anneal. Apparently a slight 
reduction (10 per cent.) gave the metal a more perfect surface and, con- 
sequently, slightly better corrosion resistance, than that which resulted 
from annealing. This point was noticed especially in the behavior of 
the sheet specimens during the first year; it was also found that the loss 
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was greater with the higher anneals than with those at a lower temper- 
ature. It should be noted that the annealing of Muntz metal usually 
produces a surface layer of alpha crystals, which have the practical value 
of resisting corrosion during the first month or two; after that time, 
however, the beta grains are reached and action progresses rapidly. 

Illustrations 

Attention has been called to the illustrations of the apparatus and the 
condition of the specimens. Fig. 3 shows one set of the sheet specimens 
with characteristic corrosion scale; generally speaking, the smoother the 
appearance of the specimen the better its condition. Pits and dezincified 
areas are hidden beneath mounds of scale. In Fig. 4, however, the scale 
has been removed from alternate specimens to reveal the dezincification 
of the Muntz metal and the deep wide pits in aluminum bronze. 
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Fig. 10. — Comparison of rates of loss of cupro-nickbls by corrosion in 
SEA water; total time, 98 months; total area exposed, 215.3 SQ. in. of each alloy; 

21 SAMPLES ANNEALED AND ROLLED OF EACH ALLOY. 


The nature of the attack upon the alloys, as revealed by the 
microscope, is shown in Figs. 5 and 6. The ragged-edged structureless 
areas reveal dezincification in common brass, and Muntz and Admiralty 
alloys. The richer copper brasses are rather deeply pitted, whereas those 
of about 80 per cent, copper, as well as the nickel alloys, and copper-tin 
bronzes, are but slightly pitted or dissolved. 

In Fig. 7, three characteristic failures of tubes are shown, aluminum 
bronze, 95 per cent, copper-5 per cent, zinc, and 70 per cent, copper- 
30 per cent, zinc having the inner surface tinned. In the upper part of 
the tube, in each case, the corrosion scale has been removed. 

Figs. 8 to 10 have been developed from the data in Table 4. All 
values are expressed as total loss of weight in grams per square inch per 
month. The apparently great losses during the fifth period were due to 
more thorough cleaning of all specimens with a blunt instrument 
to remove all loose scale. Fig. 9 shows the point of least losses for brasses, 
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and similar alloys containing some tin (marked x). It should be remem- 
bered, however, that the alloys below 72 per cent, copper or thereabouts 
were dezinkified. Fig. 9 should be compared with Fig. 11, which shows 
losses of similar alloys in the salt-spray test. Here, also, the point of 



Fig. 11. — Salt-spray corrosion tests upon copper-zinc alloys; total losses 
IN weight at end of periods up to 1 YEAR. COMPARE WITH SEA-WATER LOSSES, 
Fig. 9. 

least loss is at 80 per cent, copper and 20 per cent. zinc. The specimens 
containing 75 per cent, copper were slightly dezinkified. All results, 
therefore, appear to be in agreement as to the superiority among the 
brasses^of those in the 80 per cent, copper and 20 per cent, zinc region, 
at least so far as salt-spray and salt-water tests are concerned. 

DISCUSSION 

W. B. Price,* Waterbury, Conn, (written discussion). — The authors 
are to be congratulated on the unique features of this investigation; viz.j 
length of time of tests, the remarkable agreement of the 10-year sea-water 
tests and the accelerated salt-spray test. 

While the two phases of the investigation were the attack of the sea 
water upon the walls of the tubes and the rate of solution of weighed 
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samples in the same sea water, this investigation does not take into con- 
sideration the important effects of corrosion caused by variable speeds 
of the condenser water with its attendant lodgment of air particles. 
Another important point, which should be taken into consideration, is 
the lodgment of foreign deposits of variable nature, such as wood, coke 
and coal, cinders, slag, etc., which form concentration cells, causing 
rapid corrosion with resulting pits, generally known as pinhole or regional 
pitting. Such conditions are also responsible for the plug type of dezinci- 
fication. In calling attention to these facts, I do so with a realization 
that it was impossible for the authors to introduce all these variables. 

The fact that the water became clear after two or three days and 
continually passed through the tubes for several months in this condition 
makes the water in direct contrast to the circulating water encountered 
in our harbors today, which contains a great deal of dangerous foreign 
matter. The statement is often made that modern condenser tubes do 
not last as long as those manufactured some few years ago. The people 
making these statements do not take into consideration the increased 
demands upon public-service corporations, which call for different operat- 
ing conditions such as changes in temperature, pressure, and water speeds. 
Neither do they take into consideration the fact that many of our harbors 
are cesspools for adjacent city sewage and waste systems from chemical 
plants. Condenser tubes produced today by up-to-date manufacturers 
are practically mechanically and physically perfect. This condition 
has been brought about by chemical and metallurgical control, and the 
formulation of standard specifications. The increased demands made 
upon public-service corporations call for a closer cooperation between 
the engineers and operating heads of these plants, and the technical 
departments of the condenser-tube manufacturers than has existed in 
the past. 

On page 770, it is stated that the hard-rolled specimens show less loss 
by corrosion than the annealed specimens. This conclusion is contrary 
to the opinion heretofore held, that an annealed tube, especially a fine- 
grained one, resisted corrosion better than one that was hard-worked. 
While the authors’ tests on the sheet-metal specimens indicate that 80 
per cent, copper-20 per cent, zinc combination shows superior resist- 
ance to corrosion, at least so far as salt-spray and salt-water tests are 
concerned, in the case of tubes this superiority does not seem to be so 
marked; for instance: Admiralty metal annealed (page 753) gives exactly 
the same life and characteristics under column ‘‘Nature of Corrosion” 
as the low-brass hard tube on page 750. Also, 70-30 brass annealed 
(page 751), shows no dezinkification and it is stated that the tubes were 
in fine condition, while the "same alloy when drawn hard (page 754) is 
dezincified. This would seem to indicate that the hard-drawn surfaces 
might have been responsible for the dezincification. 
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The writer heartily concurs in the conclusions (page 772) that it is not 
advisable to tin condenser tubes. It has been our practice never to 
recommend tinned condenser tubes. These conclusions should go a long 
way toward discouraging the use of tinned tubes. The statement, on the 
same page, that the Admiralty alloy was most resistant at the 450° C. 
anneal agrees with the writer’s views regarding the superiority of a fine- 
grained Admiralty tube. 

The authors should supplement their experiments by a practical test 
in a condenser where local conditions are known to be extremely severe, 
using for such tests tubes of fine-grained admiralty metal having a grain 
size not in excess of 0.02 mm, also admiralty metal finished with e 10 
per cent, reduction following a 650° C. (J^-^-hr. annealing period), and 
tubes of 80-20 low brass having a grain size not in excess of 0.02 mm 
and 80-20 low brass finished with a 10 per cent, reduction following a 650° 
C. (K-hr. annealing period). Such a test should go a long way toward 
proving whether the hard-drawn and annealed 80-20 low brass is superior 
to Admiralty mixture in actual service. 

W. R. Webster,* Bridgeport, Conn, (written discussion). — This 
paper is a welcome contribution to our knowledge of a subject whereon 
opinions are many and tenaciously held and quantitative supporting 
data few. Inasmuch as the conditions of exposure differed somewhat 
from those normally encountered in condenser practice, objection 
might be raised if too broad conclusions are drawn. On the other hand, 
they represent by far the most comprehensive data as to the relative 
resistance of copper and its various alloys to the specific corrosive action 
of sea water yet recorded. 

Some of the conclusions drawn seem scarcely justified, however. It 
is stated that 

Brasses best fitted by composition for use with sea water resist corrosion to the 
fullest extent when finished with a 10 per cent, reduction following at 650° C. anneal 
(J^-hr. annealing period). Considering annealed specimens only, the brasses were 
at their best with a 500° to 650° C. anneal, whereas the brasses containing tin, includ- 
ing the Admiralty alloy, were most resistant at the 450° C. anneal. Apparently a 
slight reduction (10 per cent.) gave the metal a more perfect surface and, conse- 
quently, slightly better corrosion resistance, than that which resulted from annealing. 

In Table 5, alloy 81 per cent, copper, 18 per cent., zinc, 1 per cent, tin, 
8 numbers hard sample suffered a loss of 0.0052 gm. per sq. in. surface 
exposed. The five samples annealed at 750° C. and drawn to various 
tempers showed an average loss of 0.0054; the succeeding group annealed 
at 650° C., an average loss of 0.0051; the group annealed at 550° C., 
an average of 0.0053 and the group at 450° C., an average loss of 0.0053; 
while the grand average for anneals and tempers was 0.0053. Using the 
8 numbers hard sample as a control, it would appear that the various 
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tempers and anneals involved were without effect. The corresponding 
figures for alloy 70-29-1 are 0.008 for the 8 numbers hard; 0.0079; 0.0071; 
0.0088; 0.0082 and 0.0080. 

The supposedly beneficial effect of tin in condenser tubes is not 
borne out. The 80-20 mixture without tin gives a total loss-for the entire 
series of 0.1068, whereas the same mixture with 1 percent, tin gives 0.1108. 
The 72-28 samples gave a total loss of 0.1340 as against 0.1676 for 
the 70-29-1. 

It is interesting to note that the presence of 0.5 per cent, of lead 
produced no abnormal corrosion. This is important in view of the 
customary practice of regarding tubes containing as much as 0.1 per cent, 
of this element as dangerously contaminated. 

George A. Orrok, New York, N. Y. — The tests described were made 
with water taken from the East River at 42d St., very close to the 
Waterside Station. Most of the troubles with our condenser tubes at 
Waterside, I believe, are caused by the presence in the sea water of nitrates 
and ammonia compounds, which affect brass tubes in a rather serious 
manner. Also, the heating up, during the passage through the condenser, 
of this water with its gaseous chemical compounds has a great deal to do 
with the corrosive action. This part of the action was practically elimi- 
nated in the tests described because the water was circulated over and 
over again, and after a very short time what I call the active part of the 
sewage in the water was dissipated in the air. 

A. E. White,* Ann Arbor, Mich. — We run across some curious 
instances in studying condenser-tube failures. For instance, the 
aluminum-bronze shown here has an excellent life but in one plant the 
life of aluminum-bronze tubes has been exceedingly disappointing. In 
some plants, monel-metal tubes have a greater life than the Admiralty 
tubes. Yet an Admiralty condenser tube, at least for sea water, is 
superior to an ordinary monel-metal condenser tube. The chart on page 
768 might cause us to believe that the 72-28 brass would give as good 
results as an Admiralty tube, yet operating engineers prefer an Admi- 
ralty tube for sea water. 

The life of condenser tubes, within the past few years, has been 
greatly increased. We must look at the situation from a two-fold view- 
point: (1) What effect has the method of operating a condenser on its 
tube life? (2) will it be possible for us to get a master alloy that will 
give us a life of 15 to 25 years? 

Our experiments with non-ferrous alloys, in increasing the life of 
different brasses and bronzes, indicate that one type may be superior 
to another, but they are only differences in degree. They do not solve 
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the problem, and we should direct some of our research work toward 
finding a master alloy that will give us increased life over that now 
obtainable from any of the alloys used for condenser-tube manufacture. 

Probably some of the conditions in condenser operation that we ought 
to know about are the nature of the packing, the temperature of the 
water at both the inlet and the outlet end of the condenser tube (because 
one tube may be operating under such conditions that its temperature 
is much higher than it is in other tubes), the character, velocity, and the 
quantity of the water, the velocity and quantity of the steam, the distance 
between supports, and especially the manner in which the water enters 
the condenser. It is common condenser experience that most tubes fail 
a given distance from the head end of the condenser; therefore, not only 
must our investigations be carried on with regard to our present alloys 
but also with regard to the condenser operation. 

D. K. Crampton,* Waterbury, Conn, (written discussion). — This 
paper shows the result of a long and very instructive investigation on a 
subject that heretofore has not received even a small part of the atten- 
tion it deserves. The results of this work should go a long way toward 
showing what factors are of importance in salt-water corrosion. Users of 
condenser tubes, in particular, should derive much benefit by a careful 
study of this paper. In particular, the findings in the matter of grain size, 
temper, tin and lead content, and tin coating admit of direct practical 
application. In the past, specifications for condenser tubes have been 
drawn up on a purely empirical basis and without regard to the real needs 
of the occasion. Such work as this should tend to bring about a much 
needed change in this field. 

In spite of the general excellence and usefulness of the paper, it 
seems desirable to call attention to a few apparent shortcomings. 

In Table 1 are given the analyses of a few lots of water used in the 
experiment. There is considerable difference in the analyses of the 
different lots of water and the analyses of new and old water of any one 
lot are not quoted. It is, therefore, impossible to tell, at least from the 
published figures, what the effect of six months' test had on the analysis 
of the water itself. The question naturally arises as to the effect of the 
differences in analysis on the corrosion during any one period. It is 
quite possible that the complete data would throw some light on the 
variations in rate of attack during the different periods. 

The sheet specimens used were scoured every two months with 
a stiff bristle brush during the first year to remove all loose scale and salts 
formed by corrosion. Thereafter this same treatment was applied every 
six months for the duration of the test. In addition, at the end of 16 
months, the specimens were somewhat more drastically cleaned with 
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the aid of a blunt instrument. Quite possibly this periodic cleaning 
may have had a marked effect on the corrosion in the subsequent periods 
and a greater effect on certain alloys than others. In this event, the total 
relative corrosions for the whole period might well not correspond with 
what would be obtained if the specimens had not beeW cleaned. 

It is stated that brasses containing less than 75 per cent, copper, 
including Admiralty, usually show dezincification rather than pitting. 
While in general this is true, brasses as low as 64 per cent, in copper often 
pit rather than dezincify and, in the case of Admiralty metal, pitting is 
by far the most prevalent type of attack. 

In Fig. 11, giving the results of salt-spray corrosion tests upon various 
copper-content brasses, for all periods up to and including 28 weeks the 
minimum corrosion is experienced with approximately 75 per cent, copper. 
With a 52-week exposure, however, the minimum point shifts to approxi- 
mately 80 per cent, copper. The question naturally arises as to whether, 
in a longer period — say, two or more years — this minimum point would 
remain at 80, swing back toward 75, or possibly approach even nearer the 
pure copper end. 

In Table 4, under the first 8 columns there are listed the losses in 
weight in grams per square inch per month of the various sheet alloys for 
different periods of the test. The first three columns are averages of 2 
months^ exposure, the fourth of 4 months^, the fifth of 6 months^ the sixth 
and seventh of 23 months’ each, and the eighth column of 36 months’. 
In the ninth column is given a total figure which is the summation of the 
individual rates listed in the first eight columns. This so-called total 
figure is not the actual total loss in grams per square inch but is simply an 
unweighted summation of the rates of attack during unequal periods and 
has no real physical significance. The figures listed in column 9 have, 
however, been used in plotting Fig. 8, 9, and 10, so that these figures in 
turn are incorrect. If the figures for the losses per month were multi- 
plied by the number of months and these products added up for the eight 
periods, the totals obtained would be the same as the totals listed in 
Table 5 for the same alloys. As an example, alloy A in Table 4 should 
contain in the last or total column the figure 0.2495 rather than 0.03309. 
If these totals should be divided by 21 (the number of samples) the results 
for each alloy would be the average loss in grams per square inch of 
surface for the entire 98-month period. These corrected figures have 
been plotted in the accompanying diagram. Fig. 12, which should be 
compared with the top curve in Fig. 9 in the original paper. In general, 
the curve thus obtained shows the same characteristics as those in Fig. 9, 
and the same conclusions would be reached; viz,, that the maximum 
resistance to corrosion is obtained at approximately 80 per cent, copper. 
As will be shown, however, it is by no means sure that figures for rate of 
wall penetration would lead to the same conclusions. 
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In the third paragraph of the description of the accelerated corrosion 
by salt spray, on page 771, it is stated “ The actual depth of pits was from six 
to twelve times the depth of calculated average penetration by solution, 
and the depth of dezincification, though not measured, was apparently 
as great or greater than the depth of pits in the samples that were not 
dezincified. Depth of either pitting or dezincification actually deter- 
mines the life of alloys in the copper-zinc series.’’ This statement would 
hardly be questioned by any one conversant with the corrosion of copper 
alloys. In spite of this, however, the authors have neglected entirely 
to measure, or at least to report, measurements of depth of pitting and 
dezincification and have based their entire conclusions on loss of weight 
figures. This is illogical and detracts considerably from the value of the 



experiment. The same remarks hold true in the case of the tubes and 
sheet metal used in the 10-year salt-water immersion test. 

As no figures whatever were presented covering depth of attack either 
by pitting or dezincification on the sheet samples, there is no way of 
telling whether such measurements would or would not corroborate the 
findings based on loss of weight. In the case of the tubes themselves, 
reported in Table 2, however, there are some interesting facts disclosed 
indicating that the depth of penetration by pitting or dezincification 
leads to quite different conclusions than are drawn from loss of weight 
measurements. In Table 7, are given figures on rate of penetration as 
computed from data given in Table 2. The figures are accurate only in 
so far as the remarks under Nature of Corrosion” in Table 2 give actual 
.accurate measurements. 
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Table 7 shows many interesting and instructive points not brought 
out by the loss of weight figures. First, six alloys show less than 0.001- 
in. penetration per year; these are classed as excellent and include Tobin 
bronze, Admiralty, 15 per cent, cupro-nickel, 15 percent, nickel-silver, and 
leaded high brass, in addition to low brass, which loss of weight experi- 
ments indicates as the best. Fourteen others show rates of penetration 
of from 0.001 to 0.005 in. per year and are classed as fair. Eleven groups 
show from 0.005 to 0.050 in. penetration per year and are classed as 
poor. Some or all of the tubes of each alloy of this latter class actually 
corroded clear through the tube wall in the 10-year period, and often in 
much shorter times. 

Table 7 . — Depth of Penetration of Pitting or Dezincification 


(Compare with Table 2 of original paper) 


Rating 

Alloy 

Tube 

Numbers 

Rate of Wall Penetra- 
tion, Inches per Year 

Class 

1 

Tobin bronze 

106-110 

1 0.0003 

Excellent 

2 

Low brass 

21- 25 

i 0.0005 j 

Excellent 

3 

Admiralty 

96-100 

1 0.0005 i 

Excellent 

4 

Cupro-nickel (15 per cent) 

126-130 

0.0005 

Excellent 

5 

Nickel-silver 

131-135 

0.0005 

Excellent 

6 

Leaded high brass 

76- 80 

less than 0 . 0010 

Excellent 

7 

Copper 

1- 5 

0.0013 

Fair 

8 

Commercial bronze 

11- 15 

0.0015 

Fair 

9 

Bronze 

81- 85 

0.0015 

Fair 

10 

Bronze 

91- 95 

1 0.0016 

Fair 

11 

Brass 

26- 30 

0.0018 

Fair 

12 

Cupro-nickel 

121-125 

0.0020 

Fair 

13 

Cupro-nickel 

136-140 

0.0020 

Fair 

14 

Tinned brass 

36- 40 

0.0025 

Fair 

15 

Brass 

51- 55 

0.0025 

Fair 

16 

Aluminum bronze 

i 111-115 

0.0025 

Fair 

17 

Tinned brass 

41- 45 

0.0027 

Fair 

18 

Bronze 

116-120 

0.0033 

Fair 

19 

Brass 

56- 60 

0.0040 

Fair 

20 

Aluminum bronze 

141-145 

0.0049 

Fair 

21 

Brass 

46- 50 

0.017 

Poor 

22 

Rich low brass 

16- 20 

0.017 

Poor 

23 j 

Gilding 

6- 10 

0.020 

Poor 

24 

Aluminum bronze 

146-150 

0.022 

Poor 

25 

Bronze 

88- 90 

0.022 

Poor 

26 

Gilding 

86- 87 

0.029 

Poor 

27 

Tinned muntz 

66- 70 

0.029 

Poor 

28 

Muntz 

71- 75 

0.045 

Poor 

29 

Muntz 

61- 65 

0.045 

Poor 

30 

Muntz 

31- 35 

0.045 

Poor 

31 

Manganese bronze 

101-105 

0.045 

Poor 
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Particular attention is called to the four groups of muntz-metal tubes 
showing 0.029 to 0.045 in. penetration per year. Based on such figures, 
the rate of attack to muntz metal is on the order of 100 times as great as 
that of the alloys of class 1 instead of twice as great, as the loss of weight 
figures would indicate. It should also be noted that the high brass con- 
taining lead compares very favorably with low brass, Admiralty, and the 
other class 1 alloys. The paper states that lead apparently has no 
appreciable effect on the rate or manner of corrosion by sea water; the 
depth of pitting measurements, however, would indicate that this amount 
of lead has a very beneficial effect on high brass. Attention is also called 
to the fact that both gilding metal and rich low brass (95-5 and 85-15 
copper-zinc alloys) make a much poorer showing on a basis of penetration 
measurements than loss of weight measurements. Finally, 15 per cent, 
cupro-nickel appears to be decidedly better than either a 10 or 25 per 
cent, cupro-nickel, judged on the basis of depth or penetration of attack. 

It is quite possible that the authors have more complete data on 
depth of penetration by pitting or dezincification than they published. 
If so, a supplement to the paper giving such data would be of extreme 
value. Certainly, in the case of condenser tubes, pipelines, etc. this is 
an all-important factor, whereas loss of weight over the general area is of 
relatively little importance. 

William H. Bassett (author^s reply to discussion). — In carrying out 
this work in the laboratory, it was impossible to have a continuous flow 
of fresh sea water and the cleaning of the sea water by aeration was a 
very interesting phenomenon. This, of course, oxidized organic matter 
but considerable ammonia remained in all of the samples of water when 
thrown out for replacement. When we began we hoped to use an ele- 
vated temperature, though perhaps not steam temperatures, but on 
account of the steam from the sea water, and also its action on wooden 
headers, we had to content ourselves with room temperatures. If we 
could have carried on the test under actual operating conditions, it 
would have been more satisfactory. The test was under way and 
although we could not operate quite as intended we hoped it would show 
something of the relative values of these alloys, that it would give an 
indication of their relative value for condenser purposes, and thus give 
us some idea of which alloys to recommend for test under future 
operating conditions. 

We fear that Mr. Crampton has misunderstood several matters. 
It is quite evident that the periodic cleaning of the specimens may have 
had some influence on the rate of corrosion, but it was necessary to clean 
the samples in order to weigh them and thus measure the progress of 
corrosion. The authors realized that such cleaning would probably 
influence the rate of corrosion and took care to remove only loose scale 
or powdery material; we endeavored, however, to state fuUy all condi- 
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tions. Nothing has been gained in the attempt to correct our tables and 
figures. If the total loss in weight were desired, reference should have 
been made to Table 5, instead of trying to figure back from the rate of 
corrosion given in Table 4. 

The failure of tubes by corrosion may be the result of uniform solu- 
tion, either regular or irregular (pitting), or the selective solution of one 
or more constituents (in this case dezinkification). Irregular solution 
or pitting may result from a number of conditions. The cause of the 
irregularity is frequently obscure and we are not ready to attempt 
judgment of the resistance of metal to corrosion by the depth of the 
deepest pit. 

Apparently the presence of lead in brass, at least in small amounts, 
i, e., approximately 0.5 per cent., does not greatly affect the rate 
of corrosion. 

In the present investigation results are somewhat contradictory. 
In case of the tubes that Mr. Crampton picked out to substantiate his 
point of view, the leaded metal seems to have been acted upon somewhat 
more uniformly than that which did not contain lead. In the plate 
samples (Table 5) the leaded metal lost 0.1858 gm. by solution, while 
brass of the same composition but without lead lost 0.1583 gm.; a differ- 
ence of approximately 17 per cent, in favor of the brass without lead. 
This is the only really quantitative result showing the relative corrosion 
of brass, with and without lead, that was obtained in this investigation. 
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Coatings Formed on Corroded Metals and Alloys* * * § 

By George M. Enos,! Met. E., Cincinnati, Ohio, and Robert J. Anderson, J 

Met. E., Boston Mass. 

(Milwaukee Meeting,! October, 1924) 

An important factor affecting the rate and nature of corrosion of 
metals and alloys is the film, or coating, formed on the surface; and this 
may accelerate or retard corrosive action once started. The formation of 
films and coatings is intimately associated with the chemical composition 
and physical constitution of both the metal and the corroding medium. 
A film or coating may be either the corrosion product resulting from 
oxidation; that is, an oxide or salt, or a deposition of suspended matter 
from the corroding media upon the surface of the metal, or a mixture of 
both. The coating may adhere tightly or loosely to the surface of the 
corroded metal. In short, a film or coating is the reaction product of the 
corroding medium and the metal, which adheres to the surface of the metal 
and with which may be intermingled material from the attacking media 
not concerned in the chemical reactions. 

As the terms film and coating are used by different writers for 
very different things, distinction is made between the two, by the present 
writers, on the basis of thickness. Thus, a film is defined as a corrosion 
product or deposition, on the surface of a corroded metal, that is of such 
thickness that it cannot be measured by the metallurgical microscope. 
A coating, on the other hand, is of such thickness that it can be measured. 
If the resolving power of the 2-mm. (equivalent focal length) apochro- 
matic oil immersion objective (N.A. 1.4) is taken as the limit of the 
microscope, the limiting resolution is two lines that are 0.0002 to 0.0004 
mm. apart. It is thus possible to measure coatings that are greater 
than 0.0002 to 0.0004 mm. thick. This thickness is equivalent to 50,000- 

* Published by permission of the Director, Bureau of Mines. 

t Instructor in Metallurgy, University of Cincinnati. 

t Consulting Metallurgical Engineer. 

§ Fall meeting Institute of Metals Division. 
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150,000 atom diameters or 0.2-0.4/i/i, and a film may be regarded as being 
of the order of say 0.3iu/i thick, or less. A film may be gaseous, whereas 
a coating will necessarily be a liquid or solid. 

In recent investigations on the corrosion of metals and alloys in acid 
mine waters,^ microscopic examination was made of the nature and 
characteristics of the coatings formed in order to determine what kinds of 
coatings inhibit and what accelerate corrosion. 

Nature of Coatings 

It is known that the coating formed is an important variable in deter- 
mining the rate. As indicated, coatings are formed from interaction 
of the corroding medium and the metal, or from deposition from the 
medium of niaterial in solution or suspension, or from both in particular 
cases. Thus, a coating formed in atmospheric corrosion might consist 
of metallic oxides and hydroxides, mixed with soot, dust, etc. The 
chemical composition of the coating depends on the composition of the 
metal and of the corroding medium, while the physical structure of the 
coating depends, in part at least, on the physical condition of the metal 
surface. Thus, a coating may be loose and flocculent, or it may be hard 
and compact and adhere tightly to the corroded surface. The structure 
of the coating is important because flocculent or honeycomb structures 
will not retard corrosion as well as a compact structure. 

While it is not proposed to deal at any length with films, it may be 
said that these may appear as faint tarnishes, causing dulling of a bright 
metal surface. The thin film of aluminum oxide formed on aluminum 
and its light alloys on exposure to the air and the bright temper colors 
formed on steel by oxidation may be cited. 

Rust (hydrated ferric oxide) on iron and steel accelerates corrosion; 
Friend^ has developed the auto-colloidal catalytic theory of corrosion 
which explains this accelerating effect; he has also shown that rust is 
colloidal in nature. 

Wood^ has discussed the nature of the colloids formed in the rusting 
of iron and has noted that it is the nature of the coating, particularly the 

1 W. A. Selvig and G. M. Enos: Corrosion Tests on Metals and Alloys in Acid 
Mine Waters from Coal Mines. Bull. 4, Coal-mining Investigations Series, Carnegie 
Institute of Technology, Pittsburgh (1922). 

R. J. Anderson and G. M. Enos: Microstructural Aspects of Metals and Alloys 
Corroded by Acid Mine Water. Bull. 5, Coal-mining Investigation Series, Carnegie 
Institute of Technology, Pittsburgh (1923). 

R. J. Anderson, G. M. Enos, and J. R. Adams: Accelerated Corrosion Testing 
of Metals and Alloys in Acid Mine Water. Bull. 6, Coal-mining Investigations, 
Carnegie Institute of Technology, Pittsburgh (1923). 

2 J. N. Friend: A New Theory of the Corrosion of Iron, Trans. Am. Electrochem. 
Soc. (1921) 40 , 63. 

* J. K. Wood: Catalytic Action of Colloids in Corrosion. Chem, <& Met. Eng., 
(1923)'29, 188. 

VOL. LXXI. 50 
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flocculent state of the rust formed, that accelerates corrosion. He also 
notes that the rate of flow influences the corrosion rate, because at low 
velocities the oxygen concentration is increased and corrosion is increased, 
as explained by Friend. At the higher velocities, the catalytic hydrosols 
are washed away because the coating adheres so loosely, hence the corro- 
sion rate is decreased. 

The nature of the coatings formed, whether accelerating, retarding, 
or neutral to the corrosion rate, is worthy of much attention. Evans^ has 
discussed the factors that govern the formation of protective coatings, and 
states that in cases where metals with basic oxides are rendered active 
by acids and passive by alkalies, while those with acidic oxides tend to 
become passive in acids and active in alkalies, the invisible protective 
layer is in the nature of an oxide film, but this film is probably of atomic 
dimensions only. While his discussion applies largely to films (as 
defined by the writers), the same principles should govern the formation 
of thicker layers, which will accelerate or retard the corrosion rate. 

It is not the purpose of this paper to discuss the function of colloids 
in the formation of coatings. The importance of colloids and their 
effect on coating formation has been stressed by Bengough and Stuart.^ 
The writers have observed instances of coatings that acted as accel- 
erators and of some that acted as inhibitors of corrosion in the case of 
metals and alloys corroded in acid mine waters. In a recent work on the 
electrolytic corrosion of Admiralty metal (70:29:1 copper-zinc-tin) in 
various electrolytes, the writers® have examined the nature of the coatings 
formed on brass of different grain size and have found that grain size has 
no effect on coating formation. 

Experiments on Coating Formation 

In order to study the effect of the surface condition of alloys on 
coating formation, corrosion tests were made on a selected group of 
non-ferrous alloys in acid mine water. Duplicate test samples of various 
compositions, with one set of a given composition in the as-cast or as- 
rolled condition and the other set of corresponding composition machined 
or polished, were immersed in flowing acid mine water, as in previous 
tests by W. A. Selvig and one of the writers.^ Eight alloys were selected 
for test, and included materials known to form thick coatings on the basis 
of previous work. The materials chosen for test are non-ferrous, hence 

* U. R. Evans: Passivity and Overpotential. Trans. Faraday Soc. (1922) 18 , 1. 

* G. D. Bengough and J. M. Stuart: The Nature of Corrosive Action, and the 
Function of Colloids in Corrosion, with an appendix of terms used in colloid chemistry. 
Sixth Report to the Corrosion Research Committee of the Institute of Metals. Jnl. 
Inst, of Metals (1922) 28 , 31. 

* R. J. Anderson and G. M. Enos: Corrosion of Brass as Affected by Grain Size. 
Trans. (1924) 70, 391. 

’ W. A. Selvig and G. M. Enos: Op. cU. 
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the present report does not deal with mill scale, rust, or other factors 
frequently associated with the corrosion of iron. The results are not 
directly comparable with corrosion results on iron and steel. The 
‘‘as-cast^' and ''as-rolled'' samples were placed in the water in the 
form they were received from the manufacturer. Duplicates of the 
as-cast pieces were surfaced by machining, so as to remove the skin. 
These machined or surfaced pieces were 2 by 6 in. by thick. Only 
one rolled material was included (monel metal) ; this was surfaced, so as to 


Table 1. — Composition and Loss in Weight of Samples^ As Cast and 
Machined, Exposed to Acid Mine Water 


Designation j 

Chemical Compo- 
sition, ,.Per Cent. 

Days Immersed 

Test Piece Num- 
ber® 

Area, Square 
Centimeters] 

Before 

Immersion 

a 2. 

After i ^ 

Immersion 

Total Loss, Grams 

Loss, Milligrams 
per Square Centi- 
meter per 24 Hr. 

Cast leaded cupro-nickel 

Cu 

53.57 


X 1 

186.66 

582.98 

532.49 

50.49 

3.70 


Sn 

0.56 









Ni 

25.30 

73 

1 

206.79 

739.86 

688.14 

51.72 

3.42 


Fe 

0.61 









Pb 

19.58 








Cast c h r omium-iron-cupro- 

Cu 

42.24 


X 4 

181.75 

517.73 

453.85 

63.88 

4.81 

nickel 

Cr 

11.89 









Ni 

35.00 

73 

4 

203.95 

630.35 

561.38 

68.97 

4.63 


Si 

1.50 









Fe 

9,35 








Rolled monel metal 

Ni 

65.1 


X 40 

164.07 

114.57 

88 38 

26.19 

3.54 


Cu 

30.52 

45 








Fe 

4.2 



158.85 

107.98 

83.56 

24.42 

3.41 

Cast lead-zinc bronze 

Cu 

86.34 


X73 

172.22 

342.64 

319.73 

22.91 

1.82 


Pb 

0.83 

73 








Sn 

11.24 


74 

181.82 

411.94 

387.34 

24.60 

1.84 


Zn 

1.60 








Cast aluminium bronze 

Cu 

93.9 


X 76 

162.91 

250.83 

227.41 

23.42 

1.96 


A1 

6.1 

73 











76 

175.10 

342.98 

326.25 

16.73 

1.30 

Cast bronze ! 

Cu 

89.8 


X7^i 

168.40 

318.^ 

294.58 

24.30 

1.97 

, ) 

Sn 

9,7 

73 







, , 

Pb 

, 0.5 


80 

1^.04 

410.75 

389.66 

21.09 

-1.59 

Cast lead bronze ^ : 

Cu 

87.5 


X 82 , 

1,74.53 

879.^ 

358.27 

9 

21.56 

1.69 


Sn 

10.6 




■ 

* *■ 




Fe 

1.6 


83 

IBO.OI 

440.56 

415,38 

25.18 

1.90 

' ’ 1 ft 

Oast lead bronze 

Cu 

74.9 


X 85 

I?8.27 

418.43 

391.17 

27.26 

2.09 


Sn 

10.5 

73 







1 ’ • ' 

Pb 

14.3 


86 - 

202.59 

674.79 

648.p5 

26.74 

1.81 


• Numbers, with prefix X denote machine^ or po^sbed samples; numbers without prefix are as'oast 
or as-rpUed Gambles.. ; , . ^ 
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remove the rolled skin, by rubbing with emery paper followed by buffing, 
instead of being machined. The rolled material was 2 by 6 in. by No. 16 
gage (B. & S.). 

The samples were placed in test racks and immersed in flowing 
mine water at the Edna No. 2 mine of the Hillman Coal & Coke Co., at 
Wendel, Westmoreland County, Pa. The average free acidity of the 



Fig. 3. — Sample X 4. Fig. 4. — Sample 4. 

Microstructure of coatings; all taken on surfaces of corroded samples. 


water was 2080 p.p.m. (sulfuric acid) and the average total acidity 
was 9570 p.p.m. (sulfuric acid plus sulfates of iron and aluminium). 
The flow of the water was regulated to 1.8 in. per min. Inspections 
of the samples and analyses of the water were made at frequent intervals. 
All of the samples except the monel metal were immersed for 73 days. 

Table 1 is a summary giving the corrosion losses of the various alloys 
tested, including the test-piece numbers, designation, chemical com- 
position, time of exposure, total loss in weight, and loss in weight 
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Fig. 5. — Sample X 40. Fig. 6. — ^Sample 41. 



Fig. 7. — Sample X 73. Fig. 8. — Sample 74. 



Fig. 9. — Sample X 76. Fig. 10. — Sample 76. 

Micbobtbttctubes of coatings; all taken on btjbfacbs of cobboded samples. 
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expressed in milligrams per square centimeter per 24 hr. Table 2 
gives the appearance of the coatings formed on the samples after slow 
drying (24 hr. at 105® C.), when examined under a binocular micro- 
scope at low magnifications and also the observations on the hardness 
of the coatings. The structures of the coatings are shown in Figs. 1 to 
16; these photomicrographs were all made with oblique illumination at a 
magnification of 25 diameters. 


Table 2. — Nature of Coatings Formed on Samples Exposed to Add Mine 
Water^ as Shown by Visual Examination and Examination with 
Binocular Microscope at Low Magnifications 


Test Piece Number 

Description of Coatini^ 

X 1 

Soft coating, thick, gray color; honeycomb appearance. 

1 

Surface irregularly pitted; pit walls had honeycomb appearance. 

X 4 

Black-gray, needleUke, crystalline coating; thick and soft. 

4 

Same. 

X 40 

Black, flaky coating, adhering tightly; uniform pitting of surface. 

40 

Same, but coating did not adhere so tightly. 

X 73 

Green-gray, irridescent coating; hard and brittle; machine marks 
showed. Under the coating, corroded surface was grooved 
corresponding to machined surface. 

74 

Gray, hard, brittle coating. 

X76 

Thin, brown coating; machine marks visible beneath. 

76 

Thin gray-green coating; very slight visible action. 

X79 

Smooth, gray coating, containing cracks; material soft and granular. 

80 

Gray coating, soft and granular; original structure, pits, etc. left 
as cast. 

X82 

Gray coating; machine marks showed; cracks in coating; material 
soft and granular. 

83 

Soft, loose, gray coating, appearing as cast. 

X85 

Hard, thin, gray coating; machine marks showed. 

86 

Hard, thin, gray coating, appearing as cast. 


In the previous long-time immersion tests,® in the course of the 
examinations made at mines during the duration of the tests, the loosely 
adhering coatings were removed from the test pieces by rubbing with the 
hand in water; that is, the pieces were cleaned as well as possible each 
time an examination was made, without using chemicals or extensive 
mechanical abrasion. In the present tests, the coatings were not dis- 
turbed during the exposure period. After microscopic examination had 
been made, the samples were soaked in distilled water for a few minutes 
and then cleaned in water with a fiber brush. They were then dried and 
weighed and the loss in weight determined. The same kinds of coatings 


^ W. A. Selvig and G. M. Enos: Op. cU, 
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are formed in the alloys when run in the accelerated electrolytic corrosion 
test using acid mine water as the electrolyte.® 

In Table 1, in only one instance (cast aluminium bronze, X 76, 76) is 
there wide divergence between the loss for the as-cast and the machined 
samples. The loss data as recorded for the separate alloys check as 
well as did the loss data for the machined samples in the previous long- 
time immersion tests. The divergence in the case of the aluminium 
bronze is not large enough to suggest that the machining was responsible 
for the higher loss of test piece No. X 76 over No. 76. It appears, there- 
fore, that the condition of the surface prior to immersion, whether 
machined or as cast, is not an important factor as regards relative corro- 
sion, at least in mine water. 

Summary 

1. Coatings and films formed as corrosion products on metals and 
alloys have been defined, examined, and discussed. 

2. The condition of the surface of the alloys examined, whether 
as cast or machined, apparently has little effect on the corrosion rate 
in mine water. 

DISCUSSION 

George K. Elliott, Cincinnati, Ohio. — The second paragraph of the 
summary ‘Hhat the condition of the surface of the alloys examined, 
whether as-cast or machined, apparently has little effect on the corrosion 
rate in mine water, does not seem to hold good in other corroding media 
with which I am acquainted. Bronze with a roughly machined surface 
tested in distilled water will show considerable corrosion, while bronze 
with a finely polished surface will show no corrosion. There are many 
other examples where the surface has considerable influence on the 
amount of corrosion. It is interesting to know that the condition of the 
surface seems to have no effect on the corrosion rate in the case of 
mine water. 

M. F. Sayre, Schenectady, N. Y. — In the case of aluminum, we have 
found that, in tests in salt spray, the difference between the corrosion 
of the cast surface and the machined surface is so little as to be negligible 
in comparison with the differences in rate for the various aluminum alloys 
themselves. This may be partly due to the facility with which an oxide 
layer forms on the machined aluminum surfaces. I have not had as 
much experience with some of the other alloys. If the test ran long 
enough, even with these, we might find/^that the corrosion would get 
underneath the surface skin, and once that happened there would 
probably be almost no difference in the rate between the cast and the 
machined surfaces. 


• R. J. Anderson, G. M. Enos and J. R. Adanis: Op. cit. 
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Samuel Daniels, Dayton, Ohio. — In regard to aluminum alloys, we 
have found that the surface as cast stood up better than the machined 
surface. Much depends sometimes on the way in which the test is con- 
ducted; for instance, whether the material is put in the salt spray, in 
distilled water, or in tap water or whether it is alternately immersed. 

George K. Elliott. — In the case of some so-called stainless steels, 
it has been found that a highly buffed finish will corrode more readily 
than a finely ground finish. The supposition is that in this case a rather 
unstable equilibrium has been set up in the highly buffed surface which 
can be relieved by some form of ageing or mild annealing; in fact, after 
such treatment of the buffed pieces the difference did not exist. 

D. Basch, Schenectady N. Y. — The statement that the polished 
surfaces stood up worse than the as-cast raises the question as to the 
kind of machined surface. If the surface showed scores, scratches, 
etc., there is no question that the machined surface would be worse than 
the as-cast. 

With regard to stainless steel, a great deal depends on how the finish 
of the surface of the steel was obtained. If the surface was buffed in 
such a way that the individual particles on the surface were peened over, 
the full stainless characteristics of stainless steel are not obtained. If, 
on the other hand, great care is taken not to stress the surface particles 
in the polishing the resisting properties of the stainless steel will be 
fully realized. 

Samuel Daniels. — The machined surfaces I mentioned were such as 
would ordinarily come from the machine shop and were not highly 
polished sections. 
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Experiments on the Heat Treatment of Alpha-Beta Brass* 

By 0. W. Ellis, M.Sc., and D. A. Schemnitz, M.A.Sc., Toronto, Ont. 

(Milwaukee Meeting,! October, 1924) 

Certain alloys^ that, as a result of quenching, are retained in the form 
of homogeneous solid solution are known to increase in hardness and 
strength on standing at room temperatureoronheatingat slightly elevated 
temperatures. Other alloys* that, on rapid cooling, are held in the form 
of homogeneous solid solution, as, for example, certain steels, behave in 
like manner on heating to somewhat higher temperatures. The observed 
increase in the hardness and strength of these alloys, referred to as aging 
or as ‘‘secondary hardness,” is widely accepted as being occasioned, 
either in whole or in part, by the precipitation in submicroscopic form of 
such constituents as were held in supersaturated solid solution as a 
result of cooling in excess of a certain critical rate. 

In earlier discussions of the cause of age hardening or secondary 
hardness, the question of the hardness of the precipitated particles does 
not appear to have been raised. At present, however, the general 
opinion appears to be that age hardening and secondary hardness are 
occasioned by the precipitation of hard particles within the super- 
saturated solid substance.® 

. The authors may be wrong in their belief that the last is a prevailing 
opinion. Nevertheless, it is thought that the following experiments, 

* Communication from Department of Metallurgical Engineering of the University 
of Toronto. 

t Fall meeting Institute of Metals Division. 

^Wilm, MetaUurgie (1911), 225; Jeffries, Jnl. Inst, of Metals (1919) 22, 239; 
Merica, Waltenberg, and Scott, Trans, (1920) 64 , 41; Fraenkel and Send, Ztschr.f. 
MetaU, (1920) 12 , 225; Eosenhain, Archbutt, and Hanson, Inst. Mech. Eng., Eleventh 
Report to the Alloys Research Committee (1921), etc. 

* Scott, Trans, Am. Soc. Steel Treat. (June, 1921), 511; Bain, Trans, Am. Soc. Steel 
Treat. (Jan., 1924), 89. 

* See, for example, the remarks of Jeffries and Archer, Trans, Am. Soc. Steel Treat. 

(1923) 4 , 283: is postulated that the increase in hardness of freshly quenched 

martensite on standing at room temperature or after mild tempering is due to the 
precipitation of cementite, the hard cementite particles ^keying’ the slip planes 
of ferrite grains.” This statement, of course, cannot be taken as representing 
the sentiment of these authors in respect of all types of '‘aging” and of "secon- 
dary hardness.” [Italics are the authors’.] 
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which were carried out mainly with the view of determining whether the 
precipitation of soft particles within a supersaturated solid solution would 
not enhance its hardness, should be of interest. 

Effect of Reheating Quenched Alpha-beta Brass on Its 
Microstructure 

The question whether the reheating of true alpha-beta brasses^ 
quenched from such temperatures and at such rates as to obtain homoge- 
neous beta solid solution would result in mechanical improvement was 
taken up by one of the authors in 1918-19. The results of preliminary 
experiments did not encourage him to proceed with the investigation, it 
being noted that a structural arrangement likely to cause mechanical 
weakness was always obtained. This structural arrangement is shown 
in Figs. 1 and 2, which are photomicrographs of sections of two brasses 
which, prior to reheating at 400° C. for 40 hr., were in the form of 
homogeneous beta crystals. In both sections, it will be noted, excess 
alpha has been deposited, not only within the crystals, but at the crystal 
boundaries. Stead and Stedman® have clearly shown that this struc- 
tural arrangement conduces to mechanical weakness. This structural 
arrangement, it should be noted, was found in these alloys subsequent 
to annealing at 400° C. for periods of less than 1 hr. (see Table 8). 

The deleterious effect on tensile strength that might have been 
expected to result from the production of such a structural arrangement 
as is shown in Figs. 1 and 2 has been fully confirmed by the tensile tests 
made in connection with the experiments herein described. The results of 
these tensile tests, Tables 2, 4, and 6, prove that, while the mechanical 
condition of the alpha-beta alloys may, under certain circumstances, be 
improved by heat treatment and even by quenching, the effects of such 
treatments as comprise quenching and reheating to temperatures below 
the a + transformation^temperature are little short of disastrous. 

But the tests herein recorded were not made to confirm the opinion 
that the reheating of quenched alpha-beta brass would be of no 
commercial value. They were made primarily because it was recognized 
that alpha-beta brass was an alloy that could be obtained in the form of 
a supersaturated solid solution wherein could be deposited, as a result of 
reheating, particles (alpha) actually softer than the solid solution (beta) 
in which they were generated. 

Alloys Used in the Experiments 

There were used in the experiments two alloys of the following 
compositions: 

* Brasses that contain both the alpha and beta constituents after reheating to 400° 
C. subsequent to quenching with the view of obtaining homogeneous data. 

5 JwZ. Inst, of Metals., (1914) 11, 119. 
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Fig. 1. — Brass containing 57.40 per cent, copper; reheated subsequent to 
QUENCHING (700° C.) AT 400° C. FOR 40 HR.; ALPHA PRECIPITATED AT BETA BOUNDARIES. 
X 75. 



Fig. 2. — Brass containing 56.51 per cent, copper; reheated subsequent to 
QUENCHING (700° C.) AT 400° C. FOR 40 HR., ALPHA PRECIPITATED AT BETA BOUNDARIES. 
X 75. 
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Allot Per Cent. 

Copper 56.66 

Nickel nil. 

Zinc difference 


B 

Per Cent. 
52.02 
3.86 

difference 


which will be referred to throughout this paper as alloys A and 
B, respectively. 

The alloys were in the form of chill castings, from which prismatic 
samples 3^ by 3^ by 3 in. were cut for purposes of test. These samples 
were annealed in bulk at a temperature of 725° to 750° C. for 1 hr. prior 
to other treatment. The mechanical properties of the alloys, subse- 
quent to the preliminary anneal, were as follows: 

Alloy Alloy 

A B 

Maximum stress, lb. per sq. in 54,100 51,200 

Percentage elongation 39.5 32.2 

Brinell hardness number 102 116 


The test specimens used in making the mechanical tests were 
small, having gage lengths of only 1.155 in. and diameters of 0.326 in. 
The gage lengths of the specimens were four times the square roots 
of their cross-sectional areas. The Brinell tests were made with a 
10-mm. ball and a load of 500 kg. It will be noted that in so far as their 
mechanical properties are concerned the annealed castings were of fair 
average quality. 

By the expedient of quenching a number of small samples of the two 
alloys subsequent to their complete attainment to various temperatures, 
the a + jS — > jS transformation temperatures were approximately deter- 
mined. For the pure brass, the transformation point under these conditions 
was found to be in the vicinity of 670° C. (under conditions of equilib- 
rium the transformation point is lower) ; for the nickel brass it was found 
to be in the neighborhood of 720° C. The test samples for these experi- 
ments were, therefore, quenched in ice water from 720° C. and 770° C. 
(50° C. above the a + transformation temperature) respectively. 

Subsequent to quenching the samples were examined microscopically to 
confirm the absence of alpha. 

Nature of Experiments 

After quenching, the samples were reheated; some to 100° C., some to 
200° C., some to 300° C., and some to 400° C. Prior to reheating, a 
determination of the Brinell hardness number of each sample was made. 
A similar determination was made after the thermal treatment and the 
percentage increase in hardness, if any, was then calculated. This 
method of estimating the observed increase in the hardness of the alloy 
seemed to be justified by the fact that the maximum variation from the 
average hardness number of the test samples prior to reheating was, in 
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both alloys, less than 3.0 per cent.; while the percentage increase in hard- 
ness as a result of reheating reached, in some instances, as high as 12.8 
per cent. 

Reheating of the test samples was conducted for time periods varying 
from yi to 40 hr. The samples were in all cases introduced into a furnace 
kept at the reheating temperature. They were then allowed to reach the 
temperature of the furnace, the time of reheating being measured from the 
time at which the samples first attained the temperature of the furnace. 

Subsequent to reheating, the samples were thoroughly examined 
microscopically for traces of alpha. It was found in most cases extremely 
difficult to determine whether alpha had been precipitated at the boun- 
daries of the beta grains, but it is certain that, in some instances, such 
precipitation had occurred when microscopic examination of both etched 
and unetched samples at high powers failed to reveal its presence. A 
variety of etching reagents was employed in this connection. 

The samples were, in all cases, tested by the Brinell test and in some 
instances, in tension, by the usual methods of tensile test. 

Results of Reheating Quenched Alpha-beta Brass at 100°, 200° 

AND 300° C. 

Reheating at 100° ± 2° C. 

The reheating at 100° ± 2° C. was carried out in an electric drying 
oven thermostatically controlled; the results of the hardness tests and 
microscopic examinations made on the two series of samples are given 
in Table 1. 

It should be noted that the authors think that in many cases alpha 
had been precipitated at the beta grain boundaries, though they were 
unable to detect its presence directly. The grain boundaries subsequent 
to etching always appeared as dark lines even when the samples were 
examined at high magnification. It was thought that this might be due 
to the fact that such light as arrived at the surface of the etched samples 
in the neighborhood of the boundaries was refiected away from the optical 
axis of the microscope. Many samples were, therefore, examined in the 
unetched state, but alpha could not be detected even under these condi- 
tions. The color of the fractures of the tensile test samples (Table 2), 
however, afforded indirect proof of this precipitation It can be stated 
with confidence that in no case had visible precipitation of alpha occurred 
within the beta crystals. The results of the tensile tests made on the two 
series of samples are recorded in Table 2. 

Certain of the broken test specimens were characterized by what 
has been referred to, in the table, as a duplex fracture. The normal 
fracture of quenched alpha-beta brass is a dull brown-red. Certain of 
the above test specimens, however, possessed a coarsely crystalline 
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Table 1. — Effect on Hardness of Reheating Qitenched Samples of Alloys 

A and B at 100° C. 



Brinell Hardness Numbers 

Time of 

Percentage 

Structure 

Alloy 

Prior to 
Reheating 

Subsequent to 
Reheating 

Reheating, 

Hours 

Increase in 
Hardness 

Revealed by 
Microscope 


136 

136 

H 

nil 



130 

130 


nil 



133 

133 

1 

nil 



130 

130 

2 

nil 

Beta 

A 

136 

138 

4 

1.5 



136 

143 

6 

5.1 



130 

143 

8 

10.0 



133 

150 

16 

12.8 



130 

146 

32 

1 

12.3 

1 



146 

146 


nil 



150 

150 

i * 

1 nil 



1 143 

143 

1 

nil 



143 

143 

2 

nil 


B 

146 

i 146 

4 

nil 

Beta 


146 

146 

6 

nil 



150 

158 

8 

[ 5.3 



143 

158 

16 

10.5 



143 

158 

32 

10.5 



Table 2. — Effect on Tensile Strength of Reheating Quenched Samples 
of Alloys A and B at 100° C. 


Alloy 

Condition of 
Sample 

Time of 
Reheating, 
Hours 

Tensile 
Strength, 
Pounds per 
Square Inch 

Elongation, 
Per Cent. 

Fracture 


Quenched 

nil 

46,320 

17.4 

Dull brown red 


Reheated 

6 

46,700 

13.0 

Dull brown red 

A 

Reheated 

8 

42,700 

12.2 

Dull brown red 


Reheated 

16 

49,360 

20.0 

Duplex 


Reheated 

32 

7,860 

3.0 

Duplex 


Quenched 

nil 

45,150 

Not noted 

Dull brown red 


Reheated 

6 

6,600 j 

2.6 

Duplex 


Reheated 

8 

12,780 1 

5.2 

Duplex 

B 

Reheated 

16« 



Duplex 


Reheated 

32 

14,040 

2.0 

Bright yellow 


> Broken while being machined. 
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bright yellow fracture-— -the yellow approaching in tint that of the fracture 
of alpha brass of maximum zinc content. Others (those having a 
duplex fracture) had fractures wherein were exposed to view constituents 
having both the dull brown-red and the bright yellow. It has been 
assumed by the authors that the bright yellow of these fractures has 
been occasioned by precipitation of the alpha constituent at the grain 
boundaries, such bright yellow fractures having always been found in 
those samples reheated for long periods at 400° C., which showed clear 
microscopic evidence of the precipitation of alpha at the grain boundaries. 

Whereas the presence of nickel retards the precipitation of the alpha 
constituent, it does not oppose the deleterious ultimate effect of 
that precipitation. 


Table 3. — Effect on Hardness of Reheating Quenched Samples of Alloys 

A and B at 200° C. 



Brinell Hardness Numbers 

Time of 

Percentage 

structure 

Alloy 

Prior to 
Reheating 

Subsequent to 
Reheating 

Reheating, 

Hours 

: Increase in 

Hardness 

Revealed by 
Microscope 


130 

130 

K 

nil 



133 

133 


nil 



133 

133 

1 

nil 



130 

130 

2 

nil 

Beta 

A 

133 

133 

4 

nil 



136 

138 

8 

1.5 



130 

140 

12 

7.7 



133 

150 

16 

12.8 



130 

143 

40 

10.0 

1 


146 

146 


nil 



150 

150 


nil 



150 

150 

1 

nil 



150 

150 

2 

nil 


B 

150 

150 

4 

nil 

Beta 


146 

146 

8 

nil 



146 

152 

12 

4.1 



146 

158 

16 

8.2 


1 

150 

158 

40 j 

I 

5.3 



It is of interest, also, to note that reheating has reduced the ductility 
of the A alloy in certain cases, even though no evidence of the precipita- 
tion of alpha was observed either in the fracture of the test specimen or in 
etched sections of the same. 

Reheating at 200° ± 10° C. 

The reheating at 200° ± 10° C. was carried out in an electric-resistance 
crucible furnace, controlled by a variable external resistance. The 





O. W. ELLIS AND D. A. SCHEMNITZ 


801 


results of the hardness tests and microscopic examination made on the 
two series of samples are given in Table 3. The results of the tensile 
tests made on the two series of samples are recorded in Table 4. 

The same remarks may be applied in respect of the results given in 
these tables as were applied to the results obtained with the samples 
reheated at 100° C. 


Table 4. — Effect on Tensile Strength of Reheating Quenched Samples of 
Alloys A and B at 200° C. 


Alloy 

Condition ^ 
of Sample 

Time of 
Reheating, 
Hours 

1 Tensile 

Strength, 
Pounds per 
Square Inch 

Elongation, 
Per Cent. 

Fracture 


Quenched 

nil 

46,320 

17.4 

1 

^ Dull brown-red 


Reheated 

8 

41,880 

12.2 

Duplex 

A 

Reheated 

12 

49,300 

21.7 

Dull brown-red 


j Reheated 

16 

38,370 

6.1 

Duplex 


j Reheated 

40 

31,800 

8.7 

1 Duplex 


Quenched 

nil 

45,500 

Not noted 

j Dull brown-red 


Reheated 

! 8« 1 



Bright yellow 

B 

1 Reheated 

12 

! 18,120 

2.0 

! Bright yellow 


! Reheated 

16 

5,580 

4.3 

Bright yellow 


Reheated | 

40* 

' 


1 Bright yellow 


® Broken while being machined. 

Reheating at 300° ± 10° C. 


The reheating at 300° ± 10° C. was carried out in an electric-resistance 
crucible furnace, controlled by a variable external resistance. The 
results of the hardness tests and microscopic examination made on the two 
series of samples are given in Table 5. The results of the tensile tests 
made on the two series of alloys are recorded in Table 6. 

In these experiments no doubt as to the precipitation of alpha 
existed, except in those samples that had been reheated for the shorter 
periods of time. In the case of these samples, however, the fractures of 
the tensile test specimens gave indirect evidence of the precipitation of 
alpha at the boundaries of the beta grains. This precipitation was such 
as to render the nickel alloy so fragile that it was impossible to turn 
samples for tensile test from the treated prisms. 

Aging at Room Temperature 

To determine the effect of reheating the quenched alloys at 400° C., 
a series of samples of alloy A that had been quenched two weeks previously 
were taken for test. Before reheating at 400° C., the hardness numbers of 
the samples were checked, when it was found that the hardness had 
increased during the fortnight. The quenched simple brass is, there- 

VOL. LXXI. 51 
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Table 5. — Infect on Hardness of Reheating Qwnched Samples of Alloys 
A and B at 300° C. 



Brinell Hardness Numbers 

Time of 

Percental!^ 

Structure 

AUoy 

Prior to 
Reheating 

Subsequent to 
Reheating 

Reheating, 

Hours 

Increase in 
Hardness 

Revealed by 
Microscope 


133 

136 


2.3 

Beta 


133 

138 

K 

3.8_ 

Beta 


133 

140 

1 

5.3 



A 

133 

146 

4 

9.8 




133 

133 

150 

148 

8 

16 

12.8 

11.3 


Beta + Alpha 


133 

143 

32 

7.5 




136 

143 

48 

5.3 




143 

150 

K 

4.9 

Beta 


143 

152 


6.3 

Beta 

B 

146 

152 

1 

4.1 

Beta 


150“ 

143 

162 

156 

16 

32 

8.0^ 

9.1. 

1 

Beta + Alpha 


“ This anomalous result, the authors are unable to explain. 


Table 6 — Effect on Tensile Strength of Reheating Quenched Samples of 
Alloys A and B at 300° C. 


Alloy 

Condition 
of Sample 

Time of 
Reheating, 
Hours 

Tensile 
Strength, 
Pounds per 
Square Inch 

Elongation, 
Per Cent. 

Fracture 


Quenched 

nil 

46,320 

17.4 

Dull brown red 

A 

Reheated 


27,480 

4.3 

Duplex 


Reheated 

4 

38,700 

2.0 

Duplex 


Reheated 

8 

33,600 

4.3 

Duplex 


Reheated 

32 

32,820 

8.7 

Duplex 


Quenched 

nil 

45,500 

Not noted 

Dull brown red 

B 

Reheated 

1“ 



Bright yellow 

Reheated 

16“ 



Bright yellow 


° Broken while being machined. 


fore, subject to “aging” in the most precise sense of this word. In 
Table 7 are given the results of the two series of tests made, the first 
immediately after quenching, the second two weeks later. 

Reheating at 400 + 10° C. 

The samples were retreated subsequent to the second series of 
hardness tests; that is, they were requenched and then reheated to 400° C. 




O. W. ELLIB AND D. A. SCHEMNITZ 


803 


Table 7. — Aging of Quenched Brass at Room Temperature 


Original Hardness Number 

Hardness Number after Standing 
Two Weeks 

Percentage Increase in Hardness 

133 

145 

9.0 

133 

149 

12.0 

136 

149 

9.6 

136 

148 

8.8 

133 

143 

7.5 

Average increase 


9.4 


Table 8. — Effect of Reheating Quenched Samples of Alloy A at 400° C. 



Brinell Hardness Numbers 

Time of 

Percentage 

Structure 

Alloy 

Prior to 
Reheating 

Subsequent to 
Reheating 

Reheating, 

Hours 

Increase in 
Hardness 

Revealed by 
Microscope 


136 

1 

1 

148 

nil® 

8.8 



133 I 

143 


7.5 



133 

141 

K 

6.0 


A 

133 i 

140 

1 

5.3 

Beta + Alpha 


133 

138 

4 

3.8 



133 

137 

8 

3.0 



133 

137 

16 

3.0 



“ Sample heated until it just reached 400® C. 


for various periods of time. The results of the hardness tests and 
microscopic examination made on the brass samples reheated at 400° C. 
are given in Table 8. 

A definite loss in the percentage increase in hardness resulting from 
reheating was recorded for all periods of time in excess of that required to 
raise the alloy to 400° C., this simple treatment (mere heating to 400° C.) 
being, in itself, sufficient to cause precipitation of alpha. No tensile tests 
were made on these samples, it being considered unnecessary to carry the 
matter further in view of the poor results obtained as a result of reheating 
at the lower temperatures. 


Summary 

By reheating alpha-beta brass, which as a result of quenching is retained 
at room temperature in the condition of homogeneous beta solid solution, 
it is possible to cause precipitation of alpha in submicroscopic form. 

This precipitation of alpha has a deleterious influence on the tensile 
properties of the quenched brass, but has the effect of increasing the 
Brinell hardness of the material. This latter phenomenon is felt to be 
worthy of remark, as the precipitated alpha is appreciably softer than th^ 
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quenched beta wherein it is generated. It is well known that age harden- 
ing can be occasioned by the precipitation of hard particles (as in the case 
of duralumin); quenched brass, however, affords an example of a sub- 
stance subject to age hardening caused by the precipitation of 
soft particles. 

It is difficult to imagine how soft particles can act as “keys^^ to pre- 
vent the relative slip of the atom-bearing planes of a solid solution. If^ 
however, it is postulated that the submicroscopic particles are of the 
nature of colloidal particles whose boundaries are controlled by surface 
tension and that at these boundaries there is distortion of the space 
lattices, both of the particles and of the surrounding solid solution, the 
increased resistance to the relative slip of the atom-bearing planes of 
the solid solution occasioned by the presence of the precipitated particles, 
whether they be hard or soft, can, it is thought, be explained.® The 
distortion of the space lattices at the boundaries of the particles referred 
to above opposes the propagation of slip via the slip planes of the precip- 
itated substance. The hardness of the material wherein the precipitated 
substance is generated is therefore increased. The greater the number of 
such particles (particles whose boundaries are controlled by surface 
tension) the greater will be the strength of the alloy wherein they occur. 

In the process of time, the forces of crystallization will exceed those 
surface-tension forces that control the boundaries of the particles and 
growth of the particles will proceed in accordance with the normal laws of 
crystallization. The spherical particles will change into minute allotrio- 
morphic crystals at whose boundaries no space-lattice distortion will 
exist and which, therefore, will offer considerably less obstruction to the 
relative movement of adjacent atom-bearing planes of the matrix than is 
offered by the spherical particles, this diminution in the resistance 
offered to slip by the precipitated solute being due to the fact that slip in 
the matrix can be propagated with relative ease via the slip planes of the 
solute. A reduction in hardness will be the outcome of this change in the 
form of the precipitate. 

To put it briefly: while spherical particles, whether soft or hard, are in 
process of formation the hardness of the alloy will increase, because of the 
increasing resistance offered to slip (owing to space lattice distortion at 
the boundaries of the particles) as a result of the precipitation of particles 
of this form. When the spherical particles begin to change into minute 
allotriomorphic crystals the hardness of the alloy will tend to decrease 
and will actually be lowered (1) when the rate of formation of allotrio- 
morphic crystals exceeds the rate of formation of spherical particles and 
(2) as the allotriomorphic crystals themselves increase in size. 

®0. W. Ellis: The Structure of Metals. See report Winter Sectional Meeting of 
Am. Soc. Steel Treat., Rochester, Iron Trade Rev. (1924) 74 , 430. 
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DISCUSSION 

William H. Bassett,* Waterbury, Conn— Some authorities state that 
beta brass has no elongation. Probably the old idea for the weakness of 
this brass was due to the very thing that has been noted here— that is, 
the beta brass had alpha separations at the boundaries and consequently 
had very little strength. 

When making the tensile tests, the author found that where he was 
unable to discover alpha microscopically, although the tests indicated it, 
the fractures were yellow between the grains; as the beta brass breaks with 
a brownish-red fracture, the author is warranted in his assumption that 
the yellow fracture was the result of the precipitation of alpha brass 
around the grain boundaries. 

The paper gives the results of reheating quenched alpha-beta brass at 
100°, 200°, and 300° C. At 100°, where he did not find, with the micro- 
scope, the presence of alpha, he shows that as the time of heating increases 
there is a decided increase in hardness in both samples, the one containing 
nickel being rather slow to show this increase. 

The tensile-strength figures are interesting, because with the increased 
hardness, that is with the change taking place, the tensile strength and 
the elongation are greatly reduced. Similar results were obtained when 
the samples were heated to 200° and 300° C. 

The conclusions are apparently in accordance with the ordinary theory 
of such cases. The practical application of this work is, perhaps, what we 
have already known— that if the heat treatment of beta brass causes the 
precipitation of alpha along the grain boundaries, the tensile properties of 
the material are ruined. It should not, however, be thought that the 
alpha-beta brasses are to be condemned on this account. The alpha- 
beta brasses in such material as naval brass, muntz metal, etc. are of the 
greatest use in the arts and have been for a long time. This paper rather 
shows what heat treatment should be avoided. 


* Technical Superintendent and Metallurgist, American Brass Co. 




806 


HARDNESS OP HEAT-TREATED ALUMINUM BRONZE 


The Hardness of Heat-treated Aluminum Bronze 

By George F. Comstock,* Met. E., Niagara Falls, N. Y. 

(Milwaukee Meeting, t October, 1924) 

It has been known for many years that the alloy containing 90 per 
cent, copper and 10 per cent, aluminum can be hardened, like steel, by 
quenching from a suitable temperature, and that the hardened alloy can 
be softened again by annealing or drawing the temper. It does not seem 
to be generally appreciated, however, that the effect of the first slight 
reheating after quenching is actually increased hardness, the softening 
effect not taking place until a certain temperature of “drawing” has been 
exceeded. This paper gives the results of a few experiments on various 
specimens of cast 10 per cent, aluminum bronze, quenched for maximum 
hardness, and subsequently annealed at different temperatures. The 
hardness measurements were made with both a scleroscope and a standard 
Swedish Brinell machine; some peculiarities of the scleroscope test on 
this material are described. 

The author is not aware of many previous investigations of the 
hardness of this alloy when quenched and drawn, but two important 
papers on the subject should be mentioned. The earliest was by Portevin 
and Arnou,^ in which it was stated that tempering quenched 10 per cent, 
aluminum bronze at 400° C. increased the hardness as compared with the 
quenched untempered alloy and that reheating above that temperature 
was necessary to obtain any softening effect. 

A later paper was by Seidell and Horvitz,^ who mentioned Portevin 
and Arnou’s work, but did not report any increase in hardness obtained 

* Metallurgical Engineer, Titanium Alloy Mfg. Co. 

t Fall meeting Institute of Metals Division. 

^Sur le Revenu des Bronzes Aluminium. Comptes Rendus (1912) 8 , 511. 

* Relation of Microstructure to Phase Changes in Heat-treated Aluminum Bronzes. 
Chem, dt Met Eng, (1919) 21 , 179 
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by slight tempering after quenching. They agreed, however, that 
tempering to over 370® C. was necessary to soften the quenched 
alloy appreciably. 

Neither paper reported any scleroscope tests; but as this instrument 
has been used commercially on heat-treated alumimnn bronze, it was 
decided to investigate the hardness of quenched and tempered specimens 
by this means. The standard hammer was used throughout all this work, 
and the instrument was always kept in the usual fixed holder and not 
used either on the swing arm or freehand, as can be done if necessary. 

The material experimented with was obtained in the form of tensile- 
test stubs, about ^ in. in diameter and 2 or 3 in. long, from cast-to-size 
bars that had given good results in the tensile test. The alloy was 90 per 
cent, copper and 10 per cent, aluminum, made entirely from new metal of 
the best commercial quality, and without any flux or deoxidizer. The 
tensile-test results were about as follows: 


Yield point 21,000 to 26,000 lb. per sq. in. 

Tensile strength 65,000 to 75,000 lb. per sq. in. 

Elongation in 2 in 17 to 23 per cent. 

Reduction of area 16 to 26 per cent. 


The tensile-test stubs were heated gradually, in an electric muffle 
furnace, to 900® C., and held at that temperature for 20 to 30 min. 
They were then quenched as rapidly as possible in a large tank of cold 
running water. This treatment gave them a practically pure acicular 
beta structure, without any of the original alpha crystals remaining 
undissolved. In some parts of the samples, however, there was a slight 
precipitation of feathery alpha along the grain boundaries; it seems to be 
very difficult to quench rapidly enough in pure water to suppress this 
formation entirely. Flat strips about 3^^ in. wide were prepared, with a 
fine file, on the curved surface of each quenched bar, and the scleroscope 
hardness was determined on that surface. The hardness as determined 
in this way was generally between 63 and 73 on the scleroscope scale. 
Some of the bars were quite uniform, but on most of them a range of 
from 3 to 8 points in hardness was found between one end of the filed strip 
and the other. 

Four of these hardened bars, representing two heats of metal, were cut 
crosswise into disks about in. thick, for annealing or drawing the tem- 
per at various temperatures. This treatment was performed by first 
heating the muffle to the desired temperature, then inserting two of the 
hardened disks, one from each heat, bringing the temperature again to the 
desired point, holding it there for 20 min., and then cooling the disks in a 
box of lime. The temperatures were determined with a Leeds & Northrup 
potentiometer, using an iron-constantan thermocouple. The follow- 
ing day the disks were taken out of the lime, their surfaces were smoothed 
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for hardness tests, and one side of each was tested with the scleroscope 
and the other side later by the Brinell method. When making the 
Brinell tests, it was found that neither of the standard pressures, 500 
or 3000 kg., were suitable for all the disks, as the lighter made too small a 
depression on the hard samples and the heavier made such a deep mark on 
the soft samples that there seemed to be danger of error from distortion 
or bulging of the small disks. A pressure of 1000 kg. was found suitable 
for the entire series, and all were tested at this load. The standard 
pressures were also used on some of the disks for comparison. A 10-mm. 
ball was used for all the Brinell tests; and the pressure was applied for 
30 sec. in every test except those made with the 3000-kg. load, which was 
applied for only 15 sec. The results on these disks are given in Table 1. 
A range of values is given for the scleroscope tests, as numerous determina- 
tions were made with this instrument on each sample; abnormally low 
readings were disregarded. 


Table 1. — Hardness Numbers of Disks of Quenched 10 Per Cent. Aluminum 
Bronze, Reheated or Drawn at Various Temperatures 


Temperature of 
Reheating, Degrees 

Scleroscope 

Number 

Brinell 

Number, 

Heat A 

Brinell Number, Heat H 

Heat A 

Heat H 

3000-kg. 

Pressure 

1000-kg. 

Pressure 

500-kg. 

Pressure 

3000-kg 

Pressure 

1000-kg. 

Pressure 

600-kg. 

Pressure 

None 

43-54 

40-55 

248 

240 

206 

248 

244 


150 

48-55 

56-58 

241 

240 


235 

238 


205 

50-55 

52-56 

241 

238 


241 

249 


260 

53-57 

53-58 

262 

260 


255 

249 


315 

46-53 

57-61 

262 

260 


260 

260 


400 

40-60 

56-62 

262 

260 


260 ' 

260 1 


480 

30-32 

34^36 

170 

165 


170 

171 

1 

565 

23-27 

23-26 

163 

150 

136 


159 

143 

650 

21-22 

22-24 


133 j 

124 


138 

130 

760 

10-20 

10-20 


121 

100 i 

i 

121 

109 

870 

18-10 

20-21 

131 

113 

100 

134 

117 

109 


The first line shows that the disks that were not reheated at all did 
not give as high scleroscope readings as the bars from which they were 
cut. This was supposed to have been caused by the concentration of 
the hardening effect of the quenching (or at least that part of the harden- 
ing effect which is revealed by the scleroscope) at the surface of the bar. 
The scleroscope tests on the flat strips filed on the entire bars were, of 
course, made nearer the quenched surface than the tests on the disks, 
which represented cross-sections of the bar. In subsequent work, there- 
fore, the bars were cut for reheating into pieces about in. thick, and the 
scleroscope tests were made only on flat strips filed on the curved surface 
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that was the exterior of the bar when quenched. Almost as great a 
drop in hardness occurred, however, when the tests were made in this 
way, and it was proved, by repeated trials, that the scleroscope reading 
obtained from a hardened piece of 10 per cent, aluminum bronze was 
decreased from 5 to 15 points by simply cutting the piece in two. This 
was true whether the piece was merely quenched, or had been quenched 
and reheated slightly. Presumably the explanation is that the cutting 


Table 2. — Hardness Numbers of Specimens of Quenched 10 Per Cent. 
Aluminum Bronze ^ Reheated or Drawn at Low Temperatures 


Temperature of Reheating, Degrees C. 

1 Scleroscope Tests on 

Flattened Surfaces 

Brinell (3000-kg. Pressure) 

Heat A 

! Heat F 

! 

1 Heat A, Cross- 
Sections 

Heat F, Flat- 
tened Surfaces 

None 

1 

1 

55-59 

: 58-61 

255 

269 

150 

i 54-57 

: 55-59 

248 

I 277 

205 

i 54^57 

i 56-61 

241 

269 

260 

, 55-58 

59-61 

269 

277 

315 

52-55 

57-61 

262 

286 

345 

54-57 

58-62 ' 

' 262 

286 

370 

4^52 

; 55-58 , 

277 

286 

400 

1 48-50 

50-53 

269 

269 

425 

1 36-39 

42-44 

196 

255 

455 

25-27 

38-42 

183 

223 

480 

21-24 

29-31 

179 

202 

510 

20-22 

26-28 

i 

170 

196 


reduced the scleroscope hardness by releasing internal stress acquired 
during the heat treatment. The Brinell readings were affected in a 
somewhat similar way, but any apparent softening after cutting in this 
case was probably due chiefly to cracking of the cut pieces under the 
heavy load used. This supports the belief that softening under these 
conditions is purely a stress effect, and not due to any structural change. 

Table 1 shows that there was an appreciable increase in hardness, 
evidenced in both the scleroscope and Brinell tests, when these quenched 
specimens were reheated to temperatures between about 300° and 400° C. 
Between 400° and 480° C., softening began, and it was practically com- 
plete around 750° C. As the drawing temperatures used were not very 
close together around the critical point, near 400° C., another series of 
tests was made with temperatures chosen to give more data as to the 
exact point where maximum hardness was obtained. For this series, 
tensile-test stubs from two heats were quenched as before; they gave 
equally high scleroscope readings after quenching. The reheated pieces 
in this series, however, were about % in. instead of thick; and as 

they were heat treated by the same method as the thinner pieces, they 
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undoubtedly cooled more slowly. The scleroscope tests on the drawn 
samples were made on strips about in. wide flattened by filing on the 
curved exterior surface of the bar. The Brinell tests were made similarly 
on samples from one heat, but on cross-sections of the samples from the 


Table 3. — Hardness Numbers of Larger Specimens of Quenched 10 Per 
Cent, Aluminum Bronze^ Reheated to Low Temperatures and 
Cooled in Air and in Lime 



Cooled in Air after Reheating 

Cooled in Lime after Reheating 

Temperature of Reheating, Degrees C. 

Scleroscope 

Number 

Brinell Num- 
ber, 1000-kg. 

Scleroscope 

Number 

Brinell Num- 
ber. 1000-kg. 
Pressure 

None 

60-65 


59-66 


150 

62-66 

249 



205 



61-63 

260 

230 

62-67 

260 



260 1 



60-63 

244 

315 i 

62-66 

285 

6^70 

278 

345 ! 

63-70 

279 

60-64 

272 

370 

60-66 

255 



400 

59-62 

255 



425 1 

I 

48-55 

205 




other heat, and with 3000 kg. pressure only. This heavy pressure was 
satisfactory for this series as most of the specimens were hard; it was 
thought that as the depressions were larger the tests would be somewhat 
more delicate than if made with a smaller load. Some of the hardest 
specimens, however, showed a tendency to crack under this heavy load. 

Unfortunately, when the sections of heat A were cut it was found that 
most of these specimens were unsound. This was probably due to the 
type of pattern used in making the castings from which these test bars 
were machined. Thus the results from this series on heat A were perhaps 
not as reliable as might be desired. Judging from heat F, it would seem 
that the maximum hardness was attained after reheating to about 345° C., 
although there was not much softening until 400° C. was reached. In the 
earlier series, the maximum was found at 400° C.; softening commenced 
at this temperature in the second series, probably because the specimens 
in it were larger and cooled more slowly in the lime, so that the tempera- 
ture of annealing affected the metal for a longer time. In heat A, the 
maximum Brinell reading was at 370° C. in this series, while the sclero- 
scope did not show any increased reading in the reheated specimens. 
Presumably this was due to their unsoundness. 

Another series of tests was made to investigate the difference in 
hardening effect produced by air cooling after quenching and reheating. 
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as compared to cooling in a heat-insulating material like lime. Entire 
tensile-test stubs were used in this series, the hardness tests being made on 
flat strips filed on the curved surfaces of the bars. Seven bars were 
quenched in water from 900° C. so as to give scleroscope readings of 
60 to 65. They were reheated for 20 min. at the temperatures indicated 
in Table 3, and cooled in the air. After testing with the scleroscope and 
Brinell (using 1000-kg. load), the same specimens were quenched from 
900° C.; four of them that gave scleroscope readings of 60 to 65 were 



Fig. 1 . — Typical quenched struc- Fig. 2. — Similar structure but finer 

TURE WITH RATHER COARSE NEEDLES, AS AND LESS DISTINCT, SHOWING THE CHANGE 
SHOWN BY A SPECIMEN OF HEAT A, RE- DUE TO REHEATING A SPECIMEN OF HEAT 
HEATED TO 260° C. A TO 510° C. 

Figs. 1 to 4 show 10 per cent, aluminum bronze quenched in water from 900° 

C. AND REHEATED TO DIFFERENT TEMPERATURES, ETCHED WITH ACID FERRIC CHLORIDE 
AND MAGNIFIED 200 DIAMETERS. 

reheated as before but this time were cooled in lime. The results of 
hardness tests on the latter specimens are also reported in the table. 

This series shows that the maximum hardness was developed by 
reheating to 315° C. when the final cooling was in lime, and by reheating 
to 315° or 345° C. when the final cooling was in air. Apparently the size 
of the piece treated had more influence on this point than whether the 
cooling was in lime or air, for these specimens were larger than those 
tested previously, which showed the maximum hardness when reheated at 
slightly higher temperatures. It is therefore important to realize that the 
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results quoted apply only to pieces of about the same size as ordinary 
tensile-test stubs in. diameter and 2 or 3 in. long), or smaller. No 
experiments were made with larger pieces. 

The microstructures of the disks used for the tests on heats A and 
H, results of which are given in Tables 1 and 2, were examined to see 
if the changes in hardness produced by reheating were accompanied by 
definite changes in structure. The etching reagent was an acidified ferric- 
chloride solution, as generally used for aluminum bronze. The increase 



Fig. 3. — Structure of a specimen of Fig. 4. — Coarser alpha crystals in 
HEAT H REHEATED TO 650° C., SHOWING A SPECIMEN OF HEAT H REHEATED TO 
FINE ALPHA CRYSTALS INSTEAD OF THE 760° C. 

ACICULAR QUENCHED STRUCTURE. 

in hardness produced by slight reheating of the quenched specimens was 
found to be unaccompanied by any perceptible change in the micro- 
structure. The first change noticed in the series of microsections, 
arranged in the order of increasing reheating temperatures, was an altera- 
tion in the color of the etched surface as viewed without the microscope. 
The specimens reheated at temperatures up to and including 400° C. had 
a yellowish color, while those reheated at higher temperatures were 
decidedly more red, up to about 800° C., where the structure reverted to 
the condition as cast and again became rather yellowish. 

At about 500° C., there was an appreciable change in the micro- 
structure toward the typical reheated form. The needles became finer, 
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more rounded, and much less distinct and contrasty; this was probably 
the result of the appearance of the alpha constituent in a recognizable 
form. At higher reheating temperatures, the alpha became more and 
more distinct and thicker until the alloy reached the completely softened 
state with a structure similar to that of the untreated casting. Figs. 1 to 
4 illustrate these changes. The specimens having an acicular structure 
must not be overetched, for the number and size of the needles appearing 
on a given area of section may be much reduced by etching the specimen 
too deeply. 

The scleroscope readings originally taken on the small disk samples at 
the beginning of this work seemed to vary more than they should, so 
tests were made on polished and etched specimens to see if the variations 
might not be due to actual differences in hardness between the large 
individual crystals exposed on the polished surface. At first some 
evidence pointing toward the correctness of this view was obtained, but 
later it was found that the trouble arose from improper support of the 
thin specimens in the holder at the base of the instrument. On only a few 
specimens were the polished surfaces exactly parallel with the reverse 
sides; when this condition did not occur, the clamp at the base of the 
scleroscope caused the upper face of the specimen to be perpendicular to 
the direction of the hammer blow, while the lower face was not. The 
anvil on which the specimen rested had such a broadly pointed top that 
the specimen did not always touch it directly below where the ham- 
mer fell, but contact was made off to one side when certain parts of the 
specimen were tested. Such conditions invariably gave a low reading, no 
matter how tightly the specimen was held in the clamp. This was 
remedied by placing a small bead of metal between the anvil and the 
specimen so that contact was secured between them exactly beneath the 
point where the hammer fell. The readings then obtained from a given 
specimen were fairly consistent and there were not a large number of 
abnormally low readings to be discarded. 

Summarizing the results of this work, it may be concluded that the 
scleroscope is not as reliable an instrument for measuring the hardness of 
quenched and tempered 10 per cent, aluminum bronze as the Brinell 
machine. Low scleroscope readings are obtained on such material if the 
quenched sample is merely cut into smaller pieces, or if the specimen 
tested is too thin and not perfectly supported in the instrument. Of 
course with the Brinell test, also a certain amount of care is required, and 
cracking of the hardened specimens must be avoided, but in general 
the conditions required for accurate results are easier to fulfil. 

It was found that the maximum hardness was obtained, in small 
pieces of 10 per cent, aluminum bronze, not by quenching alone, but by 
quenching and reheating to from 315° to 370° C. Softening was pro- 
duced by reheating above 370° or 400° C. and was practically complete 
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after reheating to 750° C. The reheating temperature giving the 
maximum hardness apparently depends somewhat on the rate of cooling, 
especially as determined by the size of the piece treated. A series of 
polished and etched microsections of this quenched alloy, reheated at 
different temperatures, showed a change to a more reddish color in the 
specimens that had been reheated above 400° C., but no appreciable 
change in microstructure until a reheating temperature of about 500° C. 
had been exceeded. 

The author would acknowledge his indebtedness to the Buffalo 
Bronze Die Cast Corpn. for supplying the material for these experiments 
and the use of the Brinell machine, and also to the Titanium Alloy Mfg. 
Co. for the scleroscope and the metallographic equipment used. 

DISCUSSION 

Jesse Jones, East Pittsburgh, Pa. — Aluminum bronze is not a new 
alloy, but the difficulties of handling it in the foundry have retarded its 
application. The chief commercial application, possibly, is in the manu- 
facture of gears for automobiles. One rather minor application is in 
complicated dies, especially when one part works upon another, for there 
is less wear and less liability of the parts to stick. Aluminum bronze 
also has an increasing application as an anti-acid metal. 

The microstructures given on pages 811 and 812 are interesting; it would 
be interesting to know how the fine acicular structure shown in Fig. 2, 
would behave in a gear, whether it would have a greater life than the 
coarser structure shown in Fig. 4, and whether similar results would be 
obtained from an anti-acid standpoint. 

One explanation of the variations in the scleroscope tests may be that 
in many cases where there is a coarsely crystalline structure, like the 
alpha shown in Fig. 4, the hammer possibly at one time strikes on a crystal 
that is considerably harder than some of the others. Of course, we try to 
obviate this variation by taking ten or more readings and averaging them. 
In the case of the Brinell test, the ball covers a large area and for that 
reason gives a better ftverage hardness of a sample being tested. 

Samuel Daniels, Dayton, Ohio. — We have investigated this alloy in 
the extruded form and have checked closely the Brinell hardness values 
for quenching and drawing given in Table 1 . 

We are experimenting with extruded 10 per cent, aluminum bronze 
for valve guides in aircraft engines. The main trouble with this material 
has been its lack of uniformity and the fact that it causes galling of the 
stem of the valve. Heat treatment tends to minimize the scoring but 
has no great effect on the wearing qualities. If the valve is so designed 
that the proportions of the head and stem are right and the cam mechan- 
ism is constructed so that there will be a minimum pf side thrust^ 
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aluminum bronze appears to be satisfactory in valve guides. In one 
50-hr. engine test, cast-iron guides showed wear of from 0.017 to 0.030 in., 
whereas extruded 10 per cent, aluminum bronze, either as extruded or in 
the heat-treated condition, wore from nil to 0.002 in., maximum. Under 
the conditions just cited, this bronze wears better than cast iron and most 
of the other metals we have used, with the exception of hardened steel. 
The iron-bearing aluminum bronzes have not given good service. The 
only objections to 10 per cent, aluminum bronze in valve guides are its 
tendency to gall, its failure to ream readily, and its rather high cost, 
compared to cast iron. 

Adolph Bregman, New York, N. Y. — Has anyone here had any 
experience with aluminum bronze as sand-cast? Practically all the gears 
are cast in permanent molds. 

Jesse Jones. — I have not had any experience with the sand casting of 
this alloy, but a friend assures me that while the permanent-mold castings 
are much superior, so far as grain is concerned, there is no difficulty what- 
ever in sand-casting alloys. In fact, he says that it is much more easily 
handled than manganese bronze, is more nearly fool-proof, and there is no 
difficulty whatever in handling it in a foundry after a reasonable amount 
of experience has been had. Very satisfactory results are obtained in 
sand casting. 

George F. Comstock (author’s reply to discussion). — As to the 
wearing quality of the structure shown in Fig. 2, compared with the nor- 
mal cast structure of this alloy, some rather crude rolling-abrasion 
tests carried out some years ago for the Titanium Bronze Co. showed 
decidedly better results for the heat-treated alloy than for the alloy as 
cast. The addition of 4 per cent, iron to the bronze, however, resulted in 
about the same improvement as the heat treatment without the iron. 

This result is supported by L. Guillet^ in an article describing tests of 
aluminum bronze with the Jannin wear-testing machine. He reported 
the best results after a quench and draw at 500° C., and very much worse 
results after drawing at 700° C. It remains to be seen whether this 
same comparison would hold true in the case of gears in actual service. 
The Buffalo Bronze Die Cast Corpn. has found that a modified composi- 
tion is very effective in reducing the friction and wear of the aluminum- 
bronze gear when driven by a standard worm under heavy load. 

I do not know how the acid resistance of the heat-treated bronze 
compares with that of the cast alloy, but see no reason to suppose that it 
would be any less. 


^ Rev.de Met . (1922) 19 , 120. 
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Etching Aluminum and Its Alloys for Macroscopic and 
Microscopic Examination 

By Fulton B. Flick,* New Kensington, Pa. 

(New York Meeting, February, 1925) 

The micrography and macrography of aluminum and its alloys 
present certain difficulties. Many of the difficulties attendant on the 
micrography have been removed by methods developed during the 
past few years, notably those of E. H. Dix, Jr.^ The development of 
grain size in aluminum and its alloys may be equally troublesome, yet 
comparatively little detailed attention appears to have been given to it. 
Satisfactory reagents are available for the development of such struc- 
tures in ferrous and most non-ferrous metals, but those applied to alum- 
inum and its alloys, z. e., alcoholic or aqueous solutions of sodium hydrox- 
ide or hydrofluoric acid are not entirely satisfactory. Hanson and Arch- 
butt, ^ in speaking of these two reagents, state that These two reagents 
give fairly satisfactory results, but they sometimes produce badly 
tarnished surfaces from which the surface deposit is difficult to remove. 

It has been our experience that neither of these reagents is to be 
entirely relied on for developing structures suitable for study or photo- 
graphy. This means that when the etch fails to produce satisfactory 
results the specimen must be repolished, through the 000-paper at least, 
and then etched with another reagent. This procedure entails a con- 
siderable loss of time, and the final results may not be all that might be 
desired. However, the reagent to be described, although not a panacea 
for all etching troubles, has improved results so markedly that it is felt 
that it is worth offering as a grain-size etch generally applicable to 
aluminum and aluminum alloys. 

Czochralski^ in 1915 mentioned the application of a solution of 10 
to 20 c. c. concentrated hydrofluoric acid in 100 c. c. absolute alcohol, 
etching in this reagent being followed by dipping in concentrated hydro- 
chloric acid solution. 

* Assistant Metallurgist, Research Bureau, Aluminum Company of America. 

1 Chem, & Met. Eng. (1922) 27 , 2712. 

* Proc. Inst, of Metals (1919) ISl, 291. 

» Stahl u. Eism (1915) 36 , 1073. 
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Fig. 1. — 99.2 per cent, annealed aluminum sheet etched in 8.7 per cent. HF» 

13 PER CENT. HCl. X 10. 


VOL. LXXI. — 52 
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Beyond mention in a few papers appearing in German scientific 
periodicals, this etch does not seem to have been studied to any great 
extent by aluminum metallographists. The excellence of results obtained 



Fig. 2. ^Etched in 8.7 per cent. HF-13 per cent. HCl solution; illus- 
trates STRUCTURE DEVELOPED IN SPECIMEN TAKEN FROM CORNER OP INGOT OP MAN- 
GANESE-ALUMINUM ALLOY CONTAINING 1.20 PER CENT. MANGANESE; COPPER -j- IRON 
+ SILICON 0.18 PER CENT., BALANCE ALUMINUM. X 5. 

by using it, as shown by photographic reproduction, called our attention 
to it in the search for a reagent more generally applicable to development 
of structure. 
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Two disadvantages of such an etch are apparent at once. The first 
is the use of two solutions. This is an important condition in that it is 
time consuming and tarnish may form during transfer from one solution 



Fig. 3. — Etched in 8.7 per cent. HF-13 per cent. HCl solution; portrays 

SHAPE AND ARRANGEMENT OF GRAINS IN CROSS-SECTION OF NOTCH BAR POURED FROM 
99.2 PER CENT. ALUMINUM. X 5. 

to the other. The second disadvantage lies in the use of hydrochloric 
acid solution. As is so well known, this reagent attacks aluminum with 
such rapidity that, unless extreme care is taken, the attack may be so 
vigorous and deep that the structure will be spoiled. 
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Inasmuch as the use of one solution seemed desirable, a combination 
of hydrofluoric-hydrochloric acid solutions was experimented with, with 
most gratifying results. The solution finally adopted as standard con- 
sists of: 90 c. c. water, 10 c. c. concentrated hydrofluoric acid, 15 c. c. 
concentrated hydrochloric acid; this results in the following percentages 
by volume: 8.7 per cent, concentrated hydrofluoric acid solution, 13.0 
per cent, concentrated hydrochloric acid solution. 



Fig. 4. — Etched in 8.7 per cent. HF-13 per cent. HCl mixture; illustrates 

STRUCTURE DEVELOPED IN SPECIMEN CUT FROM INGOT OF STRONG ALUMINUM ALLOY 
type; CHILLING EFFECT OF MOLD IS SHOWN BY CRYSTALS AT BOTTOM; NOTE PARTIAL 
DEVELOPMENT OF DENDRITIC STRUCTURES IN LARGER CRYSTALS IN INTERIOR OF INGOT. 

X 10. 

The use of such a solution reveals the grain size of aluminum in an 
excellent manner, as illustrated in the accompanying macrographs. 
The specimen, cleaned by swabbing with alcohol if it is greasy, is 
immersed in the solution. If the specimen is too large, the solution 
may be poured over it and allowed to react for a few minutes. At short 
intervals, the piece is removed and washed with hot water, the structure 
is examined and the process repeated until the desired effect is obtained. 
In general, satisfactory etching requires from 30 to 90 sec. It is best to 
make up fresh solution each day, or after a number of specimens have 
been etched. To save time, a stock solution of hydrochloric acid may 
be made up and the appropriate amounts of hydrofluoric acid solution 
added to given volumes when the reagent is to be used. 

Nichrome crucible tongs are used in this laboratory to hold the 
specimens. With most alloys, no after dip is necessary, except in the 
case of alloys containing copper, which become covered with a black 
coating during the etching. This coating is removed by immersion in 
concentrated nitric acid solution, which does not otherwise alter the 



FULTON B. FLICK 


821 





822 


ETCHING ALUMINUM AND ITS^ ALLOYS 



Fig. 6. Ktched in 8.7 per cent. HF-13 per cent. HCl solution; shows 

BLONGATOD GRAINS IN CROSS-SECTION OF SPECIMEN CUT IN DIRECTION OF ROLLING 
FROM A H-IN. HOT-ROLLED SLAB OF MANGANESE-ALUMINUM ALLOY. X 10. 
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results of the etch. Attempts to avoid the use of this after dip by com- 
bining the nitric acid with the hydrofluoric acid-hydrochloric acid sol- 
ution were unsuccessful; the surface always lacks the characteristic bril- 
liance of the hydrofluoric acid-hydrochloric acid-water etch. 



Fig. 7. — Etched in 8.7 per cent. HF-13 per cent. HCl solution; section 

ACROSS FLATS OP K IN. EXTRUDED HEXAGONAL ROD OF STRONG ALUMINUM ALLOY 

type; shows variation in grain size from edge to edge op rod. X 10. 


No claim is made that this etching procedure is applicable to all 
types of aluminum alloys in all conditions. It has been used, however, 
on a Wide variety of alloys, cast, rolled and heat treated, with so much 
success that it has been concluded that it is more generally useful than 
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the etches hitherto commonly applied. Some of the results obtained 
are depicted in the accompanying illustrations, most of which require no 
detailed comment. They show, in general, how the brilliant and 
detailed results obtained may aid in the examination and study of 
various structures. 

Fig. illustrates the structure developed in a sheet of 99.2 per cent, 
aluminum, using the etch just described. The excellence of the result 
is apparent, both with regard to brilliance of the surface and excellence 
of the ‘^oriented luster,^' which serve to make the contrast prominent. 

The result could not be matched using 10 per cent, sodium hydroxide 
or by following Czochralski’s^ directions. With the former, only the 
faintest outline of grain structure could be produced, and by the latter 
method the sheet was tarnished so badly as to obscure the structure and 
to cause, at times, groups of grains to appear as one. The tarnish 
referred to has been mentioned by various investigators; it could not be 
removed chemically. 

By first quickly dipping the sheet in concentrated hydrochloric acid 
followed by immersion in the alcoholic hydrofluoric acid solution and 
again dipping in hydrochloric acid, results were obtained which were 
quite comparable to those arising from the etch described in this paper. 
Even so, great care must be taken not to prolong the hydrochloric acid 
dip, or the tarnish forms. Furthermore, the use of alcoholic hydrofluoric 
acid solution prolongs considerably the necessary time of etching. 
Accordingly, it is felt that the etch just described is more nearly fool- 
proof and of better general character than is that in which the hydro- 
fluoric acid dip is followed by hydrochloric acid. 

Mention should be made of the etching procedure developed by 
Carpenter and Elam^ by which the specimen is immersed in an alcoholic 
solution of sodium hydroxide, water then being added drop by drop until 
fine bubbles indicate reaction; after etching in this solution the specimen 
is transferred to a very dilute solution of hydrofluoric acid (1 to 2 per 
cent, in water). The results obtained by use of this procedure were not 
very encouraging and could not compare with those produced by the 
hydrofluoric acid-hydrochloric acid etch. 

Figs. 2 and 3 depict the structure developed in specimens cut from 
the corners of ingots and show the great brilliance and contrast produced, 
thus allowing a careful study of cast structures. Fig. 4 is represen- 
tative of an ingot of the strong-alloy type. The sharply chilled region 

* Figs. 1 to 8, inclusive, were taken using a Zeiss 75-mm. microplanar objective; 
carbon arc, oblique illumination; Wratten orange E-22 filter. Fig. 9 was taken with 
a Zeiss 35-mm. microplanar objective, using vertical illumination, the other condi- 
tions being the same. 

*Loc. dt 

® Proc. Inst, of Metals (1920) 24 , 83. 
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Fig. 8.— Ftched in 8.7 per cent. HF-13 per cent. HCl solution; trans- 
verse SECTION THROUGH DEFECTIVE WELD IN 5 PER CENT. SILICON-ALUlftiNUM TEST 
BAR. Etch developed pour^thin'gs: Boundary between tVeld and bar,^ cavities 

BETWEEN BAB AND METAL OP WELD, GRAIN SIZE OP EDGE, START OP DEVELOPMENT OP 
DENDRITIC structure IN GRAINS. X 10. 
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Fig. 9. Etched in 8.7 per cent. HF-13 per cent, HCl solution: shows 

DENDRITIC STRU^RE IN SPECIMEN CUT PROM INGOT OP FOLLOWING ANALYSIS! Mg 

4.09 PBR CENT., Cu + Fe + Si 0.44 per cent., balance aluminum. X 60. 
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due to the mold wall is readily recognizable; beyond, the larger grains 
are evident. Note should also be taken of the development of den- 
dritic structure. 

Fig. 5 illustrates the application of this etch to production studies. 
In this case one bar showed a considerably higher strength than did the 
other bar. Coarse etching revealed the disparity in grain size. Although 
this might not account entirely for the differences, it may give a clue as to 
the fundamental defect. 

Figs. 6 and 7 show the results obtained with wrought material, which 
is in general the most difficult to etch successfully for grain structure. 
The application to rolling or extrusion studies is apparent. 

Fig. 8 portrays the result obtained in etching a defective welded sec- 
tion in which the weld, cavities, and bar structures are clearly revealed. 
Fig. 9 illustrates the application of this etch in development of dendritic 
structures in aluminum-magnesium alloys. 

Finally it should be pointed out that this reagent is equally applicable 
to etching for micro-examination, both for developing structure and for 
differentiation of constituents. Studies relating to the differentiation 
by etching of the various constituents met with in aluminum alloys are 
in progress in this laboratory, which will be reported in future papers. 

The author wishes to express his indebtedness and thanks to Mr. 
Edgar H. Dix, Jr. for advice and criticism of this work and paper, together 
with his appreciation of valuable assistance of Mr. George W. Wilcox 
in the photography. 


DISCUSSION 

Samuel Daniels,* McCook Field, Dayton, Ohio (written discussion). 

The aqueous hydrofluoric acid-hydrochloric acid reagent recommended 
by the author is a valuable contribution to the study of aluminum and its 
alloys. Its function seems to be to reveal the size, shape, and orientation 
of the grains and of the hard constituents in aluminum alloys and not to 
aid particularly in distinguishing the nature of the compounds themselves. 

Experiments on several sand-cast alloys have shown that the etching 
period varies with the composition and condition of the metal. For 
instance, the 92.5 per cent, aluminum, 4 per cent, copper, 2 per cent, 
nickel, and 1.5 per cent, magnesium alloy required only 5 sec. immersion in 
the author^s solution to reveal the grain structure satisfactorily. Because 
of the vigorous action of the solution, it would appear advisable to move 
the specimen about in order to prevent the hydrogen from preventing 
action locally on the surface of the specimen. 

* Chief, Metals Branch, Materials Section, Engineering Division, War Dept. Air 
Service. 
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New Developments in High-strength Aluminum Alloys 

By Robert S. Archer* and Zay Jeffries, t Cleveland, Ohio 

(New York Meeting, February, 1925) 

It is about fifteen years since the development in Germany, largely 
by Alfred Wilm, of the aluminum alloy called duralumin. In this 
alloy, combining as it does the tensile strength of mild steel with the 
lightness and corrosion resistance of aluminum, a distinctly new material 
was presented to the engineering world. Despite the evident usefulness 
of this material, however, its commercial development has been slow, 
due in part to the difficulties involved in its fabrication. 

In view of the potentially great utility of strong aluminum alloys, it 
seemed desirable to find means of producing such alloys with better 
fabricating properties, and work was undertaken with this object in the 
laboratories of the Aluminum Company of America several years ago. 
This work has resulted in the production of two new types of aluminum 
alloy of the “strong alloy class, having distinctly improved fabricating 
qualities. The knowledge gained has also made it possible to pro- 
duce alloys of the duralumin type with greater strength and hardness 
than previously obtained. There have thus been made available 
some new engineering materials which it is the object of this paper 
to describe. 

These alloys, including duralumin, are fundamentally wrought 
alloys. Castings of the same compositions heat treated in the same 
manner give inferior physical properties, particularly as to ductility. 
The statements made subsequently concerning properties and heat 
treatment apply to material that has received suflScient working to 
thoroughly break down the cast structure. The material referred to 
has, in general, undergone a reduction in section of at least 80 per cent, 
by mechanical working. It may be mentioned in passing that other 
compositions have been found that are suitable for the production of the 
maximum physical properties in heat-treated castings. 

* Metallurgist, Research Bureau, Aluminum Company of America, 
t Consulting Metallurgist, Aluminum Company of America. 
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Composition and Properties of Duralumin 

The essential elements added to commercial aluminum to produce 
duralumin are copper and magnesium; manganese also is generally added. 
The following is a typical composition: Copper 4.0 per cent., magnesium 
0.5 per cent., manganese 0.5 per cent., aluminum (commercial) balance. 
Iron and silicon are present in commercial aluminum as impurities, 
so the alloy may be expected to contain about 0.5 per cent, iron and 0.3 
per cent, silicon. 

Duralumin, in the annealed condition, has a tensile strength of 
about 30,000 lb. per sq. in., an elongation of about 17 per cent., and a 
Brinell hardness (500-kg., 10-mm. ball) of about 50. On heating to 
500° C. and quenching in water, the strength is increased to around 
45,000 lb. per sq. in. ; the elongation is usually also increased, say to about 
21 per cent. These are the properties immediately after quenching; 
on standing or aging’’ a spontaneous hardening takes place, ordinarily 
reaching substantial completion within about four days. By the end 
of this time the tensile strength has reached about 60,000 lb. per sq. 
in. and the Brinell hardness about 100; the elongation is not mark- 
edly affected. 

The plasticity of the alloy is at a maximum in the annealed condition, 
being decreased by the quenching treatment, and still further by the 
aging process. This decrease in plasticity may be accompanied by an 
increase in elongation. 

Properties of Aluminum-copper Alloys 

The binary aluminum-copper alloys, free from magnesium, are 
affected in a manner similar to duralumin by quenching from around 
500° C., but do not, to any important extent, exhibit the spontaneous 
hardening effect on standing at ordinary temperatures. The develop- 
ment of one of the new types of alloy about to be described was based 
on the discovery that the binary aluminum-copper alloys can be further 
hardened after the quenching treatment by reheating to temperatures 
of 100 to 200° C. and that, by the proper selection of temperature and 
time and composition unexpectedly high physical properties can be 
obtained. 

Some of the early results were obtained on an alloy containing 3.95 
per cent, copper, 0.35 per cent, iron, and 0.21 per cent, silicon. After 
quenching in water from 540° C. and aging for ten days at room tem- 
perature, the tensile strength was, in round numbers, 39,000 lb. per sq. 
in. and the elongation in 2 in. was 30 per cent. The same material 
reheated for 48 hr. at about 150° C. gave a tensile strength of approxi- 
mately 48,000 lb. per sq. in. with an elongation of about 20 per cent. 
The reheating at 150° C., or ‘^artificial aging,” as it has been called, has 
thus produced an increase in tensile strength of about 23 per cent. 
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It was also found that the binary aluminum-copper alloys are much 
more easily worked than the alloys of the duralumin type containing 
copper and magnesium. The fact that a tensile strength of about 50,000 
lb. per sq. in., coupled with a high elongation, could be obtained in a 
simple aluminum-copper alloy was unsuspected, and at once suggested 
the possibility of developing an alloy of this type that would after suitable 
heat treatment give physical properties similar to those of duralumin, 
namely, a tensile strength of about 60,000 lb. per sq. in. with an elonga- 
tion of about 20 per cent., combined with improved working qualities. 
This has been done, and the tensile properties of the resulting alloy, 
after complete heat treatment, compare rather closely with those 
of duralumin. 

The alloy now in commercial production may contain, besides copper, 
additions of other elements, such as manganese and silicon. It is dis- 
tinguished from duralumin, chemically, by the absence of magnesium 
and, physically, by the fact that it does not harden spontaneously at 
room temperature after quenching. 

While the addition of manganese, silicon, etc. are important improve- 
ments, the heat-treating effects depend primarily on the presence of 
copper, and can best be considered with reference to the binary aluminum- 
copper alloys. 

Constitution of Aluminum-copper Alloys 

Aluminum and copper form a hard, brittle, crystalline compound 
whose composition is represented by the formula CuAl 2 , corresponding 
to 54 per cent, copper. This compound forms a eutectic with aluminum 
containing about 33 per cent, copper and melting at 548° C.^ Copper 
dissolves in solid aluminum up to about 5.5 per cent, at the eutectic 
temperature. The solubility decreases with falling temperature, to 
perhaps 1.0 per cent, at room temperature. 

The constitution of the alloys containing up to 8 per cent, copper is 
shown graphically in Fig. 1. The line AD is the liquidus, above which 
all alloys are completely molten. The line AB marks the end of solidi- 
fication of the solid-solution alloys, and BF is the eutectic horizontal. 
The line BS is the solubility curve of CuAl 2 in solid aluminum. The 
phases that are stable within each region of temperature and composi- 
tion are indicated in the diagram. 

Theory op Heat Treatment 

The idea that the variation in the solubility of CuAl 2 in aluminum 
with temperature is responsible for the heat-treating and aging effects 
in duralumin was first advanced by Merica^ and his associates. 

^ Temperature determined by C. S. Taylor, Research Bureau, Aluminum Com- 
pany of America. 

* P. D. Merica, R. G. Waltenberg, and H. Scott: Heat Treatment of Duralumin. 
Trans. (1920) H 43. 
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They held that the effect of the quenching from aroimd 500® C. was 
to bring into solid solution some of the structurally free CUAI 2 of the 
annealed metal. Suppose that an alloy containing 4.0 per cent, copper 
is annealed at about 350® C. and cooled slowly, and suppose that the 
solubility of copper in aluminum at room temperature is 1.0 per cent.; 
then in the annealed metal there should be 1.0 per cent, of copper in solid 
solution and 3.0 per cent, of copper in the form of free CuAU. Now, if 
the alloy is heated to a little over 500® C. and held for a sufficient time. 



Fig. 1. — Constitution of aluminum-copper alloys. 

all of the copper will be taken into solid solution. It is assumed that this 
solid solution is retained at room temperature by quenching. This solid 
solution is harder and stronger, but less plastic than the aggregate of 
more dilute solid solution (1.0 per cent, copper) containing relatively 
large particles of free CUAI 2 . 

The supersaturated solid solution retained at room temperature by 
quenching is unstable, and it is supposed that on standing, or aging, 
there is a gradual precipitation of CUAI 2 in the form of very fine particles. 
Merica postulated that the formation of this finely dispersed CUAI 2 is 
the cause of the age-hardening of duralumin. 
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The idea that precipitation of a compound from solid solution could 
cause an increase in hardness was contrary to general opinion at the 
time. Merica recognized that the growth of the small particles, as by 
annealing, caused softening. He therefore considered that there was a 
critical size of particle which produced maximum hardness and referred 
to this condition as '^critical dispersion.’’ 

This theory was bold in conception inasmuch as the particles precipi- 
tated during aging are too small to be visible under the microscope and, 
according to Merica, remain submicroscopic even after the alloy is 
heated to 300° C. The evidence on which the theory is based is indirect, 
but strong, and subsequent work indicates that Merica’s explanation is 
correct in principle, although it seems that in the case of duralumin 
another compound, Mg 2 Si, is involved. It has been shown by the 
National Physical Laboratory, Teddington, England, that the solubility of 
this compound in solid aluminum decreases with decreasing temperature 
very much as does that of CuAL. The binary alloys of aluminum with 
the compound Mg 2 Si show age-hardening at room temperature whereas 
the binary aluminum-copper alloys do not, to any substantial extent. 
It is a question whether the room temperature aging of duralumin is due 
entirely to the precipitation of Mg 2 Si, or whether the presence of magne- 
sium in the alloy induces a precipitation of CuAL or perhaps some 
complex compound, at room temperature. 

In the case of the binary aluminum-copper alloys, it is only the com- 
pound CuAL that is involved. Precipitation does not occur spontane- 
ously at room temperature, but only on heating to somewhat elevated 
temperatures. Effective temperatures at which to produce hardening 
by precipitation or aging are from 100° to 175° C. 

Mechanism of Hardening 

A mechanism has been^ proposed to account for the hardening of 
alloys by the precipitation of a hard constituent in finely divided form. 
The small particles of a hard and inherently strong constituent are con- 
sidered to act as ^^keys” on the crystallographic planes of easy slip of the 
matrix, mechanically opposing or ‘‘interfering” with the relative move- 
ment of crystal fragments along these planes. The effectiveness of these 
particles in opposing slip increases as their size decreases, because more 
planes can be keyed and at more points, by a large number of small 
particles than by a small number of large particles. The average particle 
diameter at critical dispersion is considered to be on the order of 10“^ cm. 

The Aluminum-magnesium-silicon Alloys 

It was shown by Wilm that alloys made by the addition of magnesium 
to commercial aluminum could be hardened by quenching from around 

• Zay Jeffries and R. S. Archer : Slip Interference Theory of the Hardening of 
Metals. Chem. & Met. Eng. (1921) 24, 1057. 
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500® C. followed by aging at room temperature, although Wilm seems 
to have been unaware, even as late as 1919, of the role of silicon in these 
alloys. The work at the National Physical Laboratory, mentioned 
above, indicated very strongly that it was the compound Mg 2 Si which 
is responsible for the age-hardening effect. 

Aluminum forms, with the compound Mg 2 Si, a binary system whose 
constitution is represented in the diagram of Fig. 2. The rnaximum solu- 
bility of the compound in solid aluminum, occurring at 590® C., is 1.6 
per cent., corresponding to a magnesium content of about 1.0 per cent, 
and a silicon content of about 0.6 per cent. This solubility decreases 
with temperature, like that of CuAL. 

After experimenting with alloys of various compositions at the 
National Physical Laboratory, it was concluded that the age-hardening 



Fig. 2. — Constitution of aluminum-magnesium-silicide alloys, according to 

Hanson and Gayler. 

effect was proportional to the amount of the compound Mg 2 Si dissolved. 
The age hardening is presumably due to the formation of very small 
highly dispersed particles of Mg 2 Si. 

Consider an alloy containing 1.0 per cent, magnesium and 0.6 per 
cent, silicon. In the annealed condition some of the silicon and magne- 
sium is in solid solution in the aluminum, corresponding to the solubility 
at room temperature. The remainder is present in the form of undis- 
solved particles of Mg 2 Si of fairly large size, say from 10“^ to 10"® cm. in 
diameter. The alloy is then in its softest and most plastic state. By 
heating at a temperature just under the melting point of the eutectic, 
say 575° C., most of the Mg 2 Si is dissolved in the aluminum and the 
solid solution is retained by quenching. This solid solution is found 

VOL. LXXI. — 53 
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to be decidedly stronger, harder, and less plastic than the aggregate from 
which it was formed. On aging there occurs a precipitation of Mg 2 Si 
from this supersaturated solid solution, in the form of very fine particles; 
this precipitation causes a further increase in hardness and decrease 
in plasticity. 

The strength attained in alloys of this type by quenching from a 
high temperature and aging at ordinary temperature is not very great — 
usually well under 40,000 lb. per sq. in. The Brinell hardness is only 
about 70, which is not enough for satisfactory machineability, nor in 
many cases for satisfactory resistance to deformation. The yield point 
is also comparatively low. 

In the laboratories of the Aluminum Company of America, it was 
found that the hardness, strength, and elastic ratio of these alloys could 
be further increased to a marked extent by artificial aging, that is by heat- 
ing for suitable periods of time at temperatures from about 100° to 175° 
C. By this means, it was possible to obtain a tensile strength as high as 
64,000 lb. per sq. in., a Brinell hardness of 120, and a yield point of about 
40;000 lb. per sq. in. These changes were, of course, accompanied by 
a decided decrease in plasticity. 

This discovery greatly increased the potential usefulness of this type 
of alloy. It was also found that these alloys possess excellent working 
qualities, the capacity for cold working in particular being quite remark- 
able. This may be judged from the fact that, in the annealed condition, 
the tensile strength may be as low as 15,000 lb. per sq. in. and the Brinell 
hardness less than 30, values only slightly higher than those for com- 
mercially pure aluminum. A hardness increase from 28 to 120 by heat 
treatment alone is, we believe, of a magnitude unique among non- 
ferrous alloys. 


Two New Types of Alloy 

There are thus available two new types of strong aluminum alloy, 
the characteristics of which may be briefiy summarized as follows: 

1. The aluminum-copper type: shows substantially no hardness 
increase on aging at ordinary temperatures after quenching from around 
600° C., but is susceptible to marked hardening by reheating at 100° 
to 175° C. (artificial aging). 

2. The aluminum-magnesium-silicon type: hardens to some extent 
on aging at ordinary temperatures, but is hardened to a further, and 
practically very important, extent by artificial aging. 

Both of these types possess decidedly better working qualities than 
duralumin. The combination of copper and magnesium in aluminum 
seems to lead to comparatively poor working qualities, as in alloys of the 
duraluinin type. 
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SuMMi^HY OF Hardening Theory 

The mechanism of the changes brought about by heat treatment and 
aging is essentially the same for all the strong aluminum alloys. The 
hardening effects on aging are caused by the precipitation of hard consti- 
tuents in the form of very small particles; this may take place spontane- 
ously at room temperature or may require slightly elevated temperatures. 
The precipitation is from supersaturated solid solutions, formed by 
rapidly cooling the alloys from temperatures at which the constituents 
are considerably more soluble than at the aging temperature. Age 
hardening, therefore, depends on the presence of hard constituents, the 
solubility of which increases with temperature. Obviously the amount 
of such constituents in the alloy must exceed their solubility at the 
aging temperature. 

CONDITION OF Alloys after Working 

The change of solubility of CuAb and Mg 2 Si with temperature seems 
to be most rapid just below the eutectic temperatures; as the temperature 
decreases, the rate of change decreases. 

Most hot-working operations end at temperatures around 350® C. 
or lower, and are ordinarily followed by fairly slow cooling; precipitation 
is therefore substantially complete, and in the form of large particles. 
It is in this form that the hard constituents have the least effect on the 
strength and hardness of the alloys. When the finishing temperature 
after hot working is low, or when there is subsequent cold working, the 
alloys are “strain hardened just as all metals are hardened by mechan- 
ical working below their temperatures of recrystallization. Such hard- 
ening is accompanied by marked decrease in ductility. 

The structure of the strong aluminum alloys after the usual working 
is therefore favorable to softness, as regards the condition of the alloyed 
constituents, but this structure as a whole is hardened and embrittled to 
varying extents by the varying degrees of cold work that have been 
carried out. 

Annealing 

These alloys can be softened by annealing at 300® to 350® C. The 
removal of the hardness caused by cold working is due to recrystalliza- 
tion and grain growth in the aluminum-rich solid-solution matrix. Soft- 
ening by this mechanism continues as the temperature is raised, and 
would be more effective at temperatures just under the melting point 
than at the intermediate temperatures given above. If annealing at 
such high temperatures is attempted, however, it must be followed by 
very slow cooling, or hardening effects will be obtained. All of these 
alloys are to some extent “air hardening.'^ 
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The hardness of the heat-treated alloys is due to the retention of 
solid solution and the precipitation of many very small hard particles. 
These hardening causes are removed on annealing by precipitation and 
the growth of the precipitated particles to relatively large size. 

Softening takes place slowly at temperatures as low as 150° C.; 
it is practically complete at 300 to 350° C. 

Solution Heat Treatment 

Close temperature control is required to get the best results from the 
solution heat treatment, for the temperature must be high enough to 
dissolve as much as possible of the soluble constituents but not high 
enough to cause any fusion. There is no sharp “critical point” that 
must be exceeded as in carbon steel. The process is more analogous to 
the hardening of high-speed steel, the degree of improvement increasing 
continuously with the temperature of treatment up to the point of 
incipient fusion. This would, of course, not be true in “mild” alloys 
in which the quantities of soluble constituents present became com- 
pletely soluble at lower temperatures. 

The time required for the solution and diffusion of the soluble con- 
stituents depends on the amount of working the material has received. 
In one series of experiments, it was found that for 3^^-in. sheet a heat- 
ing of 2 min. gave results substantially as good as any longer period; 
30 min. at heat should be sufficient for any material that has been 
thoroughly worked. 

There is probably a critical rate of cooling from the solution treat- 
ment that will just retain the solid-solution structure, slower rates allow- 
ing more or less precipitation. The critical rate probably varies with the 
composition of the alloy, the temperature of the solution treatment, and 
to some extent with the time at heat. No attempt has been made to 
determine these critical cooling velocities with precision. Experiments 
of a qualitative nature have shown that cooling in still air is too slow. 
Quenching in oil seems, in some cases, to give results slightly inferior to 
quenching in water. Quenching in boiling water is generally held to 
give a sufficiently rapid rate of cooling. While cooling in still air is 
too slow for proper execution of the solution treatment, it is too rapid 
for softening. 

Precipitation Treatment 

The solid solutions resulting from the solution treatment are unstable 
at ‘ordinary temperatures. There is a tendency for precipitation to 
take place. This tendency is opposed by the rigidity of the structure. 
The aging of duralumin that occurs naturally at room temperature is 
reported to be completely inhibited at the temperature of liquid air. 
The precipitation of CuAl 2 in the binary aluminum-copper alloys of 
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ordinaiy puri^ is practically inhibited at room temperature. These 
allo3n3 must be heated above room temperature to allow the precipita- 
tion to take place freely. 

The rate of precipitation increases with the temperature; precipita- 
tion can be obtained in a very short time at 250° C., for example. It is 
not feasible to carry out the precipitation treatment for the tnn.yiinnTn 
strength at such temperatures, however, because the precipitation of 
the hard particles is quickly followed by particle growth with conse- 
quent softening. 

This softening follows the initial hardening even at 125° C. For 
the commercial alloy of the aluminum-copper type, softening does not 
begin imtil after about twenty days at 125° C. At 150° C. the strength 
increases up to about two days and then begins to decrease. The alloy 
may be heated for sixty days at 125° C. or for fifteen days at 150° C., 
however, and still retain a strength in excess of 55,000 lb. per sq. in. 

The precipitation treatment for hardening thus merges into annealing 
as the temperature is raised and the time extended. The regular 
sequence of changes during precipitation treatments at 100° to 200° C. 
consists of a gradual increase in strength and hardness up to a maYimnin, 
followed by a gradual decrease. The maximiun is attained more quickly 
as the temperature is increased, but is in general higher as the tempera- 
tine is decreased. The maximum in hardness may be attained after the 
maximum in tensUe strength. 

The plasticity of the alloys decreases during the precipitation treat- 
ment, at least until softening begins. In the aluminum-magnesium- 
silicon alloys, the elongation decreases from the beginning and continues 
to decrease until the point of maximum hardness is passed. The elonga- 
tion of the aluminum-copper type of alloy is not greatly affected during 
the early stages of the treatment, especially at temperatures up to 
125° C.; there may even be a slight increase in elongation. Maximum 
hardness, nowever, is accompanied by decreased elongation. 

It will be apparent that the precipitation treatment may be varied 
both as to time and temperature according to the properties desired in 
the final product. If a high degree of hardness is wanted, and ductility 
is not important, the material may be aged at 150° to 175° C. until 
maximum hardness is attained. If ductility is an impprtant consider- 
ation, it is better to carry out the treatment at 100° to 150° C. and stop 
before the attainment of maximum hardness. 

CoBoiBBciAL Allot of Alttminum-copfbb Ttpb 

In selecting a specific composition for a commercial aUoy of this 
type, the aim was to provide a material having, in the fuUy heat-treated 
condition, physical properties approximately equal to those of duralumin. 
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but retaining the superior fabricating qualities of the aluminum-cop- 
per type. 

In the final product the copper may exist in three forms: (1) In solid 
solution or atomic dispersion; (2) as fine, highly dispersed particles of 
CuAl 2 , produced by precipitation from the solid solution at temperatures 
below 200® C. ; (3) as relatively large particles of CuAl* that have never 
been in solid solution. 

In any of these forms copper is a hardening agent, being most effective 
in the second form, then in the first form, and least effective in the third 
form. The hardness of the alloys may, therefore, be expected to increase 
with the copper content, but less rapidly after the limit of maximum solid 
solubility is exceeded. The homogeneity of the final product will be 
greater if the copper content is such that all of the CuAl 2 can be dissolved 
in the solution heat treatment. Furthermore, although larg^ undissolved 
particles of CuAlj contribute to hardness, they do not necessarily contrib- 
ute to strength, as they seriously interrupt the continuity of the matrix 
and detract from plasticity and ductility. 

These considerations indicate that the maximum strength should 
be obtained with a copper content near the limit of solid solubility, which 
appears to be about 5.5 per cent. Practically, however, it is impossible 
to take full advantage of this maximum solid solubility on account of the 
very close temperature control that would be required. This maximum 
solubility occurs only at the eutectic temperature. A solution heat 
treatment carried out a few degrees below this temperature would fail 
to result in complete solution, and a treatment a few degrees above the 
eutectic temperature would cause incipient fusion and ruin the material. 

Copper in any of the forms described decreases the plasticity of the 
alloys (although not necessarily the per cent, elongation in the tensile 
test). The alloys are, therefore, more workable, the lower the copper 
content. The selection of copper content thus becomes a compromise 
between strength and workability, with the maximum amount indicated 
at about 5.5 per cent., unless for some special purpose greater hardness 
is desired. 

Silicon also has been foimd useful as a strengthening addition. The 
function of silicon is complicated by its apparent interaction with the 
iron present as an impurity. It has been found that the addition of iron 
alone, in suflBcient amount, greatly decreases the strength of the alloys 
and even seems to inhibit the improvement by heat treatment. An alloy 
containing 3.94 per cent, copper, 1.22 per cent, iron, and 0.31 per cent, 
silicon, tested in the form of J^-in. sheet, had a tensile strength of only 
31,450 lb. per sq. in. after quenching from 530® C. and aging five days at 
room temperature. On aging for 22 hr. at 150® C., the strength was not 
increased. This quantity of iron would not ordinarily be encountered 
in alloys made from a good grade of aluminum ingot, but the example 
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illustrates the direction of the effect of iron. Silicon seems to be able to 
counteract, to some extent, the effect of iron, probably by the formation 
of an iron silicide or a ternary compound containing aluminum, iron, and 
silicon. In addition to its interaction with iron, silicon may exert a 
strengthening effect by entering the solid solution, for it is appreciably 
soluble in solid aluminum. 

The harmful effect of iron on the strength of these alloys and the 
possibility of partly neutralizing this effect by the addition of silicon are 
illustrated by the following examples: An alloy was made up containing 
approximately 3.75 per cent, copper with the usual amount of silicon, 
but with an iron addition of about 1 per cent. An ingot was cast from 
this alloy and an addition was then made of about 1 per cent, silicon. 
A second ingot was then cast. Both ingots were forged in the same 
manner and specimens were heat treated together. The analyses of the 
two lots of material were as follows: 


No. 


COPPBB, 

Pkr Gbnt. 


Iron, 

Pbr Cent. 


Silicon, 
Per Cent. 


3507 3.76 1.22 0.22 

3508 3.58 1.17 1.16 


Immediately after quenching in water from 528° C., the tensile 
properties of these alloys were as follows: 


No. 

3507 

3508 


Tensile Strength, 
Lb. per Sq. In. 


28,090 

38,750 


Elongation 
IN 2 In., Per Cent. 

29.5 

29.25 


Specimens given an additional treatment of 18 hr. at 150° C. had the 
following properties: 


No. 


Tensile Strength, 
Lb. per Sq. In. 


Elongation 
in 2 In., Per Cent. 


3507 

3508 


27,735 

42,595 


31.0 

23.25 


Manganese has been found to increase the strength of the alloys 
and to impart a somewhat fibrous structure, which seems to favor the 
retention of ductility when the precipitation process is carried towards 
completion. A suitable manganese content is 0.5 to 1.0 per cent. 


CoMMEBCIAL AlLOT OF ALUMINUM-MAGNESimi-SIUCON TtPE 

This type of alloy can be made surprisingly soft by annealing, its 
hardness in the softest condition comparing with that of ordinary “pure” 
aluminum. Combined with this is a great potential hardening power. 
The Brinell hardness can be quadrupled by a suitable combination of 
composition and heat treatment. The tensile strength attainable is 
only about 54,000 lb. per sq. in. and even this is at a considerable sacrifice 
of ductility. As the aluminum-copper alloy provides higher strength 
when necessary, it seems advisable in the alummum-magnesium-silicon 
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type of alloy to take full advantage of the remarkable oold-forming prop- 
erties rather than strive for the maximum strength and hardness. 

TheoreticaUy, maximum hardening power should be obtained when 
the ratio of silicon to magnesium is just right to form the compound 
MgsSi. Actually, the iron content of the aUoy must be taken into account, 
as the iron may combine with some of the silicon and render it insoluble. 
It is, therefore, logical that the silicon content should exceed the theoret- 
ical ratio. The amounts of magnesiiun and silicon to be used are 
governed somewhat by the principles described in connection with the 
aluminum-copper alloys. It has been found, however, that when the 
amount of MgtSi present is considerably less -than that required to form a 
saturated solid solution, an addition of an excess of either magnesium or 
silicon materially increases the hardness and strength. This may be 
due to their effects per se or to their effects on the solubility of MgjSi. 

Mecbanical Pbopebties 

The development of the full mechanical properties of which the alloys 
are capable is dependent on thorough mechanical working. These alloys 
are available in the form of sheet, bar, rod and wire, tubing, and shapes 
both rolled and extruded. Sheet in thicknesses up to ^ in., wire and bar 
up to ^-in. diameter, tubing and extruded molding and shapes may be 
considered as worked sufficiently to insure the development of the 
maximum properties. This applies to present average commercial 
practice. When necessary, comparable degrees of mechanical working 
may be obtained in heavier sections by starting with larger ingots. 
This has been done in the case of some heavy forgings. 

Cold Worked 

These alloys are ordinarily used only in the heat-treated condition. 
It may, nevertheless, be of interest to indicate the properties that may be 
expected as the result of hot working followed by more or less cold 
working. After such treatment the aluminum-copper alloy will, in gen- 
eral, have a tensile strength of 30,000 to 45,000 lb. per sq. in. with an 
elongation of 10 to 3 per cent, in 2 in.; while the aluminum-magnesium- 
silicon alloy will have a tensile strength of about 17,000 to 30,000 lb. per 
sq. in. with an elongation of 15 to 5 per cent. 

As Extruded 

Extruded material receives a partial heat treatment from its method 
of manufacture and, consequently, has a fair tensile strength combined 
wirii a very good elongation, as compared with cold-worked material. 
The following are typical values, although considerable variations are to 
be expected on account of variations in the conditions of extrusion. 
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Bbxmvll 

TsNtiLa Habpmmni, 

STBBiroTH. Yield Point, Elongation IO-mm. Ball, 

Allot Lb. pbb So. In. Pbb Cnnt. in 2 In^ dOO-sG. 

Pbb Cnnt. 

Al-Cu 30,000-40,000 15,000-20,000 10-18 50-66 

Al-Mg-Si 20.000-30.000 9.000-13.000 lfr-26 40-66 


Annealed 

After annealing at about 350° C., followed preferably by slow cooling, 
these properties noay be expected: 


Bbinbll 

Tbnbzlb Elongation Habdnbbs, 

Stbnngth, in 2 Ik., IO-mm. Ball, 

Allot Lb. pbb So. In. Pbb Cbnt. 500-bo. 

Al-Cu 26,000-35,000 16-20 46-65 

Al-Mg-Si 14,000-18,000 16-30 23-30 


Ae Qtienched 

The range of temperature recommended for the solution treatment 
is 515° to 540° C., which is suitable for both alloys. After quenching 
from this temperature, it will be remembered, the aluminum-copper 
aQoy is substantially stable at ordinary temperatures whereas the alu- 
minum-magnesium-silicon alloy undergoes a certain amount of age- 
hardening. The properties here given include the effect of this room 
temperature or “natural” aging. 


^^Bbxnbll 

Tbnbilb Elongation Habdnbbb, 

Stbbngth, Yibld Point, in 2 In., lO-im. Ball, 

Allot Lb. pbb Sq. In. Lb. pbb Sq. In. Pbb Cbnt. 500-ko. 

Al-Cu 45,000-53,000 18,000-26,000 16-20 70-86 

Al-Mg-Si 30,000-40,000 15,000-20,000 20-30 66-70 


Heat-Treated Temper 

The fully heat-treated condition includes the effects of both solution 
and precipitation treatments. The precipitation may be varied consid- 
erably according to the properties desired. The properties here given are 
considered suitable for average purposes, and are generally obtained by a 
precipitation heat treatment of from 4 to 18 hr. at 100° to 160° C. 


Bbinbll 

Tbnsilb Elongation Habdnbbs 

Stbbngth, Yibld Point, in 2 In., 10-mn. Ball, 

Allot Lb. Pbb Sq. In. Lb. pbb Sq. In. Pbb Cbnt. 500-ko. 

Al-Cu 66,000-63,000 30,000-40,000 18-26 90-110 

Al-Mg-Si 46,000-60,000 30,000-40,000 10-18 85-100 


Other Physical Properties 

Young's modulus E for both alloys is about 10,000,000 lb. per sq. in. 
The specific gravity of the aluminum-copper alloy is about 2.79, and 
of the aluminum-magnesium-silicon alloy about 2.69. 

In the fully heat-treated condition, the aluminum-copper alloy has 
an electrical conductivity of about 30 to 35 per cent, of the annealed 
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copper standard; whfle for the aluminum-magnesium-silicon alloy the 
values are approximately 40 to 45 per cent. 

The therr^ conductivities, in C. G. S. units, are numerically very 
close to the above electrical conductivity values. 

Machineabilitt 

These alloys in the heat-treated temper are readily susceptible to 
all ordinary machining operations. A somewhat novel application has 
consisted in machining from the aluminum-magnesium-silicon alloy, 
in the heat-treated condition, certain parts that are then annealed for a 
service that would otherwise require pure aluminum, a material quite 
difficult to machine. 

Combination op Types 

It will be apparent that duralumin is a combination of the two 
types of alloy here described, inasmuch as it contains copper and mag- 
nesium, both intentionally added, together with some silicon, which was 
present in the aluminum ingot as an impurity. The amoimt of silicon 
present in an aluminum ingot is quite variable, however, hence the 
amount obtained in duralumin by accident may or may not be most 
suitable. In view of the beneficial effects of silicon, alloys have been 
prepared of the duralumin type but containing more than the usual 
amount of silicon. A typical example of this type of alloy contained 
4.32 per cent, copper, 0.78 per cent, silicon, 0.50 per cent, magnesium, and 
0.49 per cent, manganese. After forging, this alloy was heated to a 
temperature between 500° and 515° C. and quenched in water. After 
aging for three days at room temperature, the tensile strength was 59,- 
300 lb. per sq. in. and the elongation, 25 per cent. Artificial aging for 
70 hr. at 120° C. raised the tensile strength to 66,900 lb. per sq. in. with 
an elongation of 20.5 per cent. After a precipitation heat treatment of 
20 hr. at 150° C., the tensile strength was 75,300 lb. per sq. in. and the 
elongation, 13 per cent. Thus, by combining the new information 
regarding composition and heat treatment, it has been possible to pro- 
duce an alloy of the duralumin type having greater strength and hardness 
than hitherto produced by heat treatment. 

The strength of all of these aluminum alloys can be increased by 
cold working after heat treatment, but this added strength is obtained 
at a great sacrifice of elongation. 

Technical Methods op Heat Treatment 

The main requirement in the heat treatment of the strong aluminum 
alloys is accuracy of temperature control. This applies more to the 
solution heat treatment and the precipitation heat treatment than to 
annealing. The problem of securing uniform and exact temperatures is 
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somewhat more difficult than in the heat treatment of steel because the 
temperatures are all below a visible red heat. The color of the material 
cannot, therefore, be used as an indication of uniformity of temperature 
distribution. On the other hand, the heat treatment is simplified by 
the perfect resistance of aluminum and its alloys to air at all tempera- 
tures up to the melting point. An air atmosphere is, in fact, ideal for 
all of the heat treatments. The time interval between the removal of 
the metal from the heating bath or furnace and its quenching must be as 
short as possible if best results are to be obtained. 

Accuracy and uniformity of temperature control, especially at low 
temperatures, are probably best secured by the use of liquid heating 
baths. It is not sufficient merely to employ a liquid bath ; as considerable 
temperature differences may exist in a still body of liquid, it is necessary 
to circulate the bath thoroughly. For the solution heat treatment, it is 
quite common to use a bath of molten salt such as sodium nitrate. This 
bath is contained usually in a steel tank. Aluminum-alloy articles can 
be heated rapidly by immersion in such a bath. It is then common 
to quench them in hot water, to facilitate the removal of the adhering 
salt. If the aluminum is allowed to cool slowly, the salt forms a sort of 
enamel that is very difficult to remove. In any event, the salt must be 
completely removed as it may otherwise cause corrosion later on. 

For the precipitation heat treatment, a bath of circulating oil may be 
used as in the tempering of steel. This is an ideal method of securing 
quick heating and close temperature control. Of course, it involves the 
disadvantage of leaving the articles covered with oil. 

In spite of the desirable thermal properties of salt baths for the solu- 
tion heat treatment, the method is somewhat expensive and also some- 
what objectionable because of the possibility of stimulating corrosion. 
A salt bath would be especially expensive for the heat treatment of 
massive articles, such as forgings, so its use is, in general, restricted to 
light articles, such as sheet and tubing. For forgings and bars, it is 
common to use electrically heated furnaces with automatic temperature 
control. With proper furnace design and proper disposition of the work, 
satisfactory uniformity of temperature distribution can be obtained. 
The heating is much less rapid in this case so a longer time must be 
allowed in the furnace. Heating periods as long as 24 hr. have been 
used for heavy charges. It is not advisable to allow the maximiim 
furnace temperature to exceed the upper limit of the heat-treating range, 
therefore the rate at which the work comes up to heat is quite slow toward 
the end of the heating cycle. 

Very good temperature control and distribution can be obtained for 
the precipitation heat treatment by the use of live steam, as in tanks 
employed for vulcanizing. This method insures rapid heating and the 
temperature can be accurately controlled by a pressure-regulating device. 
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The steam has some action on the surface of the aluminum, especially 
if the solution heat treatment has been carried out in niter. This 
surface action is more serious with thin than with heavy material. It 
is fairly objectionable in the case of sheets, for example, and not of much 
consequence in the case of forgings. The pressures needed to obtain 
the usual temperatures for the precipitation process will not, as a rule, 
exceed about 75 lb. in the line. This method is usually economical 
only when there is a source of steam available at aO hours for 
other purposes. 

The precipitation heat treatment may be carried out in an air atmos- 
phere in an oven of the type used for enamelling or core baking, provided 
the temperature control and distribution are satisfactory. Such ovens 
may be heated electrically or by steam coils or by coUs through which 
hot oil is circulated. 

Annealing is generally carried out in an air atmosphere. The salt 
bath would be ideal because rapid heating is desirable but it would be 
difficult to remove the salt if the metal were cooled slowly and it is 
undesirable to quench the metal because of the danger of hardening if 
the temperature should be too high and because of the distortion pro- 
duced by the quenching operation. 

Considerable distortion may result from the solution heat treatment. 
This distortion may be caused in three ways: 

1. During the heating of the metal when it is quite soft and subject 
to distortion by its own weight or by the weight of objects lying on it. 

2. In the operation of transferring the metal from the furnace to 
the quenching bath, the metal is soft and precautions must be taken to 
avoid distortion in handling. 

3. The operation of quenching sets up stresses, which may result in 
distortion. These stresses are less the slower the rate of cooling. Boil- 
ing water, for example, produces less stress than cold water, and air 
cooling less than either. 

Applications 

The allos^s here described are, in general, applicable where it is 
desired to obtain high tensile strength and ductilily combined with the 
lightness, corrosion resistance, and other desirable qualities of aluminum. 
The alloy of the aluminum-copper type is suitable for the same applica- 
tions as duralumin and has the advantage of distinctly better fabricating 
qualities. The alloy of the aluminum-magnesium-silicon type is strong 
enough and hard enough for many purposes for which duralumin might 
otherwise be used and is remarkable for ease of forming. 

The alloy of the aluminum-copper type is being used in the form of 
foi^mSB for highly stressed parts such as automobile connecting rods 
and mrcraft propellers. The alloy of tiie ii.l uTninn m-Tnn gnwaiiinn- niKrtftT> 
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type is veiy suitable for a great variety of hardware in which oondderable 
strength and hardness are desired but in which the strengtir (rf the 
aluminum-copper alloy is not necessary. 

Where very severe cold-forming operations are to be performed, 
the aUoy of the aluminum-magneshim-silicon type can be used where 
none of the other strong alloys will stand the operations. 

DISCUSSION 

F. B. CoTiiB, Brooklyn, N. Y. — ^In the Navy we are interested chiefly 
in the resistance to salt-water corrosion. We have made many parts 
from aluminum for some of the submarines — deck plates, hatch covers 
and some very large castings. Would the addition of a small percentage 
of magnesium aid in the aluminum-silicon alloys? 

M. F. Foglbb,* Chicago, 111. — ^We have been interested in some work 
with alloys of a similar nature to that just discussed. The authors say 
that immediately after quenching, these aluminum allosrs show an 
increase in tensile strength and hardness. The system we are working 
with, immediately after quenching, shows no greater Biinell number or 
tensile strength than after the annealing period. The increase in hard- 
ness in the first few days is very rapid, after that it is dow; it takes two 
weeks or so to reach its maximum, after which there is a gradual falling off. 

In connection with rolling, the authors stated that by rolling either 
before or after the heat treatment they were able to increase the tensile 
strength and hardness of these aluminum alloys. If we roll this alloy 
immediatdy after quenching nothing happens; there is no increase in 
hardness. The alloy cannot be roUed after it hardens. 

Conductivity measurements on this alloy before and after heat 
treatment show that after heat treatment the conductivity is much lower, 
then it gradually increases on aging. In view of the effect of the separa- 
tion of the particles, thus giving a mixture rather than a solid solution, 
from the ordinary ideas of conductivity, one would expect an increase 
in conductivity. I think this supports, in some measure, the idea of the 
separation of the solute in colloidal form. 

H. S. Rawdon, Washington, D. C. — What is the function 
of the manganese? 

Zat Jbffribs. — ^Magnesium added to the aluminum silicon casting 
allojrs increases the yield point. Manganese, in tire dmalumin-type 
alloys, acts mainly to harden the matrix, if we consider the aluminum 
solid solution as the matrix of the duraliunin alloy. The total hardness 
and strength will be a function of the hardness of the matrix plus the 


* Metallurgical Bkigineer, Western iSeotrie Co. 
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increase in hardness in that matrix due to the precipitation of the CuAla 
or MgiSi. Manganese increases the tensile strength of the alloy in the 
quenched condition about as much as it does the strength of the final 
alloy; therefore, the hardening due to the aging effect or to the precipita- 
tion is added to the hardness of whatever matrix one has to begin with. 
So starting with the aluminum matrix, strengthening that matrix with 
the addition of manganese, then perhaps still further strengthening it by 
the addition of silicon, gives a matrix that is already quite hard and 
strong, and the added hardness and strength caused by the precipitation 
gives the final result, which is materially better than that which can be 
obtained without the manganese or the silicon. 

D. J. McAdam, Jr.,* Annapolis, Md. (written discussion). f — The 
authors have done valuable work in investigating and distinguishing 
between the two types of alloy that exist in duralumin. They have 
developed details of heat treatment and have studied the effect of time 
and temperature in first hardening and then softening the alloys. 

Rosenhain, Archbutt, and Hanson, in the Eleventh Report to the 
Alloys Research Committee of the Institution of Mechanical Engineers 
(August, 1921) discuss in great detail the aluminum-copper alloys and the 
aluminum-magnesium-silicon alloys. They discuss the age hardening 
of aluminum-magnesium-silicon alloys at ordinary temperature and 
present graphs showing the effect of aging for one hour at temperature up 
to 400° C. The temperature at which maximum hardness is produced 
under these conditions is about 200° C. and the increase in hardness, of 
alloys containing magnesium and silicon in nearly the proportions of the 
compound Mg 2 Si, is about 50 per cent. Increase in annealing tempera- 
ture above about 200° C. causes softening. 

The Eleventh Report also discusses the aging of aluminum-copper 
alloys containing 0.5 to 5.0 per cent, copper. The authors of this report 
present data indicating that an aging effect at room temperature is 
apparent in all alloys containing 2,5 to 5.0 per cent, copper, but the actual 
increase in hardness is only small. They say that this is quite insuflScient 
by itself to account for the hardening effect produced in duralumin. 
They then reheated the alloys to successively higher temperatures for one 
hour and found that a maximum hardening effect was produced by a 
temperature of about 200° C. By this treatment the maximum increase 
in hardness of the 4 per cent, copper alloy above that obtainable by 
aging at room temperature was about 50 per cent. Annealing at a 
temperature above about 200° C. caused softening. 

The British authors do not agree with American investigators in 
regard to the solubility of CuAl* at room temperature. They assert 


* Metallurgist, Naval Engineering Experiment Station, 
t Printed by permission of the Secretary of the Navy, 
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that the saturated alpha solution at room temperature contains about 
3 per cent, copper instead of about 1 per cent, as indicated by investiga- 
tion in this country. 

The authors of the present paper deserve credit for investigating the 
practical possibilities of age hardening at elevated temperatures somewhat 
lower those used by the British investigators. With the lower 
temperature and increased time of annealing, it is possible to stop the 
process accurately at the point of maximum hardness and thus probably 
obtain better physical properties than those possible with the treatment 
for one hour at 200° C. 

The authors have pointed out that the aluminum-copper alloy and 
the aluminum-magnesium-silicon alloy have better working qualities 
t.hn.Ti duralumin. They do not mention the endurance properties of 
these alloys. It will be of great interest to know if either of these new 
alloys has better endurance properties than duralumin. Duralumin 
was a great disappointment in this respect. Although it has the 
tensile strength of mild steel, its endurance limit is less than half that of 
mild steel. 

Endurance Properties op Duralumin 

The endurance properties of duralumin, as determined at the Naval 
Engineering Experiment Station, are illustrated in Fig. 3. The small 
circles represent results of individual endurance tests obtained with 
quenched and aged duralumin. The zigzag line ending in the center of 
a circle represents the course of an endurance test in which the initial 



Fio. 3. — Results of emdubance test on dubalumin by botating-cantileiveb 

METHOD. 

alternating stress of 11,000 lb. per sq. in. was maintained for about 
80,000,000 cycles, then raised to 12,000 lb. and maintained for 70,000,000 
cycles, then raised to 13,000 lb. and maintained for 50,000,000 cycles. 
These increases of stress were continued imtil the specimen finally broke 
at a stress of 16,000 lb. per sq. in. after enduring a total of about 230,000,- 


848 NBW BEVBtOPltBMTS m HlaH-S«B®NQTH ALtmiNTTM AliLOTB 

000 cydee. The trianj^es represent results obtained with annealed 
duralumin. The upper and lower broken lines represent average stress- 
cyde relationship for quenched and aged duralumin and for annealed 
duralumin respectivdy. 

As shown, tile average endurance limit for the quenched and aged 
duralumin with a tensOe strength of 53,400 lb. is 12,000 or 13,000 lb. per 
sq. in. The average endurance limit for annealed duralumin with a 
tensile strength of 29,500 lb. is 10,000 or 11,000 lb. per sq. in. Enhance- 
ment of the tensile strength 80 per cent, by heat treatment, therefore, 
has not increased the endurance limit of duralumin more than 20 or 25 
per cent, above that of annealed material. 

Horisontal lines have been drawn, in Fig. 3, to represent the proof 
stress,* Johnson’s limit, and elastic limit of the quenched and aged dura- 
lumin. The fidd of uWulness of this duralumin is represented by the 
area bdow the dotted line of elastic limits and bdow the broken line 
representing average stress-cycle endurance relationship. As shown by 
these two lines meeting at an abscissa of about 9,000,000 cycles, whether 
the elastic limit or the endurance properties are of greater importance 
depends on the number of cycles of stress that the material will undergo 
in service. If in service durdumin is to be subjected to less than about 
9,000,000 repetitions of important stress range, the basis of design should 
be the elastic limit. If more than about 9,000,000 repetitions 
of an important stress range must be endured, the basis of design should 
be the endurance limit. 


Specific Endubance 


In order that a light alloy may compete with other metals and alloys 
that are used in machineiy parts in which endurance properties are of 
chief importance, the endurance limit must be above a minimum that 
depends on the specific gravity. 

Two cylindrical machinery parts have equal endurance for repeated 
S' D* 

tension-compression when -g — where S represents the endurance 


limit and D the diameter. Under such conditions ui which 

W S' G 

W represents total weight and 0 the specific gravity. . ' . pp = ^ ^ 


or 


F< 

W' 


■g‘ The total weights are, therefore, inversely proportional 
O 


* By “pnxrf stiesB " is meant the strees that produces a permanent set of 0.01 per 
cmt. 
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to q’ The specific endurance for repeated tension compression may, 
therefore, be represented by q- 

Two cylindrical machinery parts have equal endiurance for r^iested 

. , . . , S' D* ^ . W DH} . W /8'\fi G 

bend or torsion, when ^ But q'" 

W S'^ S^ 

^ -5- -Q-’ The total weight is proportional to specific gravity 



and inversely proportional to the endurance limit raised to the two-thirds 
power. Specific endurance for repeated bending or torsion, therefore, may 

be represented by 

Two allojrs of equal specific endurance can compete on terms of 
equality for use in machinery parts in which lightness is of primary 
importance. As the specific-endurance formulas for tension compression 

TOli. xm. — 54 
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and for repeated bending or torsion are (Merent, it is evident that two 
alloys which compete on equal terms for the former use do not compete 
on equal terms for the better use. 

Fig. 4 illustrates specific-endurance relationship for repeated tension 
and compression. Abscissas represent specific gravity, the maximum 
abscissa representing the approximate specific gravity of steel. Each 



sloping line represents a series of alloys of equal specific endurance. The 

s 

tangent of the angle of slope of each line represents a specific endur- 
ance number. 




DISCUSSION 


851 


Fig. 5 represents specific-endurance relationship for repeated bending or 

8 ^ 

torsion. As under these conditions, specific endurance == g ; the lines 

of equal specific endurance in this figure are curved. 

Two of the commercial light alloys are represented, in Figs. 4 and 5, by 
a small circle and a triangle. In repeated tension and compression, as 
shown in Fig. 4, duralumin could theoretically compete on equal terms 
with steel having an endurance limit of 30,000 lb. per sq. in. Such steel 
would be low-carbon steel having a tensile strength of about 60,000 lb. 
per sq. in. In repeated bending or torsion, duralumin could theoretically 
compete with steel having an endurance limit of about 53,000 lb. per 
sq. in. Such steel would be a heat-treated carbon or alloy steel. The 
highest grade of heat-treated alloy steels, however, which may have an 
endurance limit of 75,000 lb. per sq. in., far exceed duralumin in spe- 
cific endurance. 

Electron metal, as it is considerably lighter than duralumin and has 
as high endurance limit, is considerably higher in specific endurance, as 
shown in Figs. 4 and 5. Theoretically it could compete in repeated 
tension and compression with an alloy steel having an endurance limit of 
60,000 lb. per sq. in., and in repeated bending or torsion with an alloy 
steel having an endurance limit of about 115,000 lb. per sq. in. 

Practically, however, light alloys such as duralumin or electron metal 
would not be used to replace steel unless the replacement would reduce 
weight considerably. Assuming that a reduction of weight of one-third 
would be an incentive for the use of a light alloy to replace steel for 
practical competition, the light alloy must have one and one-half times 
the specific endurance of the steel. On this basis, duralumin could not 
compete in repeated tension and compression with any steel, but could 
compete in repeated bending or torsion with a mild steel having a specific 
endurance of about 130 and an endurance limit of 30,000 lb. per sq. in. 
Electron metal on the same basis could compete in repeated tension and 
compression with mild steel and in repeated bending or torsion with an 
alloy steel having an endurance limit of 60,000 lb. per sq. in. 

As previously mentioned, the endurance limit of heat-treated duralu- 
min is only slightly greater than that of annealed duralumin. It is 
possible that one or both of the new alloys described by the authors may 
have a higher endurance ratio than that of heat-treated duralumin. 
If the endurance ratio should be equal to that of electron metal, the new 
alloys would have endurance limits from 20,000 to 25,000 lb. per sq. in., 
nearly twice the endurance limit of duralumin. 

The failure of heat treatment of duralumin to increase the endurance 
limit is not the only example of such failure. In recent papers on endur- 
ance properties of nickel and of copper,* evidence was presented that 

* D. J. McAdam, Jr. : Endurance Properties of Alloys of Nickel and of Copper. 
Trans. Amer. Soc. Steel Treat. (1925) 7, Nos. 1 and 2. 
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ineieasing by heat treatment the tensile strengtii of copper-zinc alloys 

duplex microstructure causes practically no increase in the endurance 
limit. Increasing the tensile strength of a metal by precipitating a hard 
compoimd or compoimds from solid solution, therefore, may not prove 
to be an efficient metiiod of raising the endurance limit. These papers 
showed tiiat by s(did solution of another metal in copper the endurance 
limit is increased usually more than in proportion to the increase in tensile 
strengHi. It would seem desirable, therefore, that an attempt be made to 
produce by solid solution an aluminum alloy haying a higher endurance 
limit Hum that of duralumin. A great obstacle to the development of 
li^t aUo 3 r 8 of high endurance is the fact that solid solutions of most of 
the wdl-known metals, such as iron, nickel and copper, in aluminum 
have low saturation limits. If, for example, it were possible to dissolve 
nickd in solid solution in aluminum up to 10 or 15 per cent., probably 
a light alloy of high specific endurance would be obtained. Whether 
any heavier metal except zinc goes into solid solution in aluminum in 
large proportion is not known to the writer. 

In the preparation of solid solutions of other metals in aluminum for 
investigation of endurance properties, it would be necessary to use 
aliuninum of higher than commercial purity. The relatively large propor- 
tions of iron and silicon in commercial aluminum would make it impossible 
with such material to obtain alloys containing only one microconstituent. 
If aluminum of purity anywhere near to that of electrolytic copper were 
available for experiment, it seems probable that the knowledge of alumi- 
num alloys would rapidly increase. 

A saturated solid solution of magnesium in aluminum contains 8 or 
9 per cent, of magnesiTun. The endurance properties of this alloy should be 
investigated. Its specific gravity would be less than that of aluminum. 
Therefore, even if its endurance limit should be only equal to that of 
duralumin, its specific endurance woiild be greater. 

Binary and ternary solid solutions of m^nesium, copper, zinc, 
manganese, and other metals in aluminum should be investigated to 
determine the solid solutions of highest endurance limit. With such 
solid solutions, a further investigation could be made of the possibilities 
of raising the endmance limit still further by precipitating from solid 
solution a second microconstituent. 

Horace C. Knebr,* Philadelphia, Pa. (written discussion). — The 
contribution of two new high-strength light alloys to the engineering 
materials avmlable is of great importance to industry; especially to the 
engineerii^ profession. Such materials open the way to engineering 
devdopments that otherwise would be impossible or impracticable; for 
example, the airship. In these applications, cost is a secondary considera- 


* Metalluigioal Engineer, Naval Aircraft Factory. 
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tion. Perhaps even more important are the savings obtainable through 
an intelligent substitution of lig^t alloys for the heavy metals at present 
used in structural parts whose wdght entails an economic loss, notably 
in automobiles, electric and steam railway cars, vessels, and in the recip- 
rocating parts of engines. Hitherto, the high cost of light allo3rs, 
entailed by difficulties in their manufacture and fabrication, has pre- 
vented their extensive application in this field. If these difficulties can 
be avoided and the consumer given the benefit of the decreased cost, the 
results are likely to be far reaching. 

Stbenoth-weiqht Factobs 

The value of light alloys may, for many purposes, be compared with 
that of the heavier materials, on the basis of the “strength-weight” 
factor; that is, the tensile strength divided by the specific gravity. 
Some typical examples are: 

Stbbnoth- 


Duralumin 

Tsnbilb 

Stbbnoth 

66,000 


Sraczno 

Qbatitt 

2.80 


WaiGRT 

Facttob 

19.3 

Aluminum-copper alloy 

66,000 


2.80 


19.3 

Alloy steel 

160,000 


7.86 

= 

19.1 

Aluminum-magnesium-silicon alloy 

46,000 


2.69 


16.7 

Steel, cold-rolled 

60,000 

- 4 . 

7.86 


7.6 

Brass, rolled 

66,000 


8.4 


6.6 

Aluminum (soft) 

12,000 

4 - 

2.7 


4.4 


It is evident that aluminum, on the basis of strength for a given 
weight, is a heavy material of construction, and that duralumin and the 
new light alloys compare with alloy steel having a tensile strength in the 
neighborhood of 150,000 lb. per sq. in. 

Heat Treatment 

The authors have referred to difficulties in the heat treatment of 
light alloys. After six years of experience in the use of duralumin for 
aircraft parts, the writer is of the opinion that its heat treatment is 
considerably simpler and less difficult than that for steel, especiaUy alloy 
steel having a strength-weight factor as high as that of duralumin. 

Am Quenching 

Tests* have shown that very nearly, if not quite, as good tensile 
properties, may be obtained in thin sheet dural umin by heating in an 
electric muffie furnace, withdrawing and allowing to cool in air, as are 
obtainable by quenching in water or oil. This avoids ^rious difficulties 
in the treatm^t of large parts, such as fuel tanks, cowling, etc. for air- 
craft, which would be badly distorted by quenching in a liquid bath. 
The method opens some new fields of usefulness. 

*H. C. Enerr: Duralumm — A. Digest of Information. Trans. Am. Soc, Steel 
Treat. (1922). 
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Corrosion 

Corrosion resistance has also been mentioned. The writer feels that 
a word of caution on this point may not be out of place. Duralumin was 
heralded as a corrosion-resistant material.'' This led many to suppose 
that it was immune from attack by fresh or saltwater. Duralumin 
and aluminum corrode very little when exposed to moisture for short 
periods followed by drying, but direct and constant exposure for long 
periods, especially in salt water, causes severe corrosion with ultimate 
destruction of the material. Attack may be retarded or prevented by 
suitable protective coatings, so that duralumin has been successfully 
used in the hulls of flying boats. Presumably, the behavior of the new 
alloys would be similar. 

The speed of cooling from the quenching temperature has a pro- 
nounced effect on the corrosion-resisting properties of duralumin, the 
slower cooling giving less resistance to corrosion. The influence of rate 
of cooling on corrosion is much greater than on tensile properties. Air- 
quenched specimens corrode much more rapidly when exposed to moisture 
than do specimens quenched in water, although the tensile properties 
do not differ greatly.’' It would be interesting to know whether the new 
alloys are similarly affected. 

Welding 

It would also be interesting to have data on the welding properties 
of the new alloys, compared with those of duralumin. The latter may 
be welded by either the gas or electric-resistance method with excellent 
results. Gas welding, however, is attended by some difficulties, and 
special precautions to avoid shrinkage cracks are necessary.^ If the 
welding of the new alloys is easier, their value will be considerably 
increased. 

Ernest Schweizer,* New Brunswick, N. J. (written discussion). 
The development in aluminum alloys has been rather slow, because of 
the policy of various companies to keep its information a secret. The 
research laboratory of the Aluminum Company of America is an excep- 
tion to the general rule and has contributed greatly to our knowledge of 
aluminum and its alloys. 

The first attempts for improving the qualities of aluminum were by 
alloying it with other metals without subsequent heat treatment. The 
heat treatment of aluminum alloys began in 1903, when the D. R: P. 
170085 was granted to the Central Stelle fiir wissefnschaftliche Unter- 

* Metallurgist, International Motor Co. 

’ H. C. Knerr: Op. cit» 

• H. C. Knerr: Welding Duralumin. Avio, Ind, (May 4, 1922). 
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Fig. 6. Fig. 7. 

Fig. 6. — ^Effect of magnesium on the tensile strength of aluminum contain- 
ing 0.7 PER CENT, silicon AND APPROXIMATELY 0.4 PER CENT. IRON. 

Fig. 7. — ^Effect of silicon on the tensile strength of aluminum containing 
0.3 PER cent, magnesium and approximately 0.4 per cent. iron. 
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Fig. 8. Fig. 9. 

Fig. 8. — ^Effect of silicon on the tensile strength of ALuinNUM containing 

0.6 PER CENT. MAGNESIUM AND APPROXIMATELY 0.4 PER CENT. IRON. 

Fig. 9. — ^Effect of copper on the tensile strength of alumuhtm containing 

APPROXIMATELY 0.6 PER CENT. SILICON AND 0.4 PER CENT. IRON. 

HEATED AT 300^ C. FOR 3 HR.: B (FiGS. 6 AND 8) HEATED AT 560** C. APPROXI- 
MATELY M HR., QUENCHED IN WATER AND MEASURED SOON AFTER QUBNCHINO (FiGS. 
7 AND 9 WERE HEATED AT 500** C.); C, HEAT TREATED SAME AS B, AGED AT ROOM 
TEMPERATURE FOR ABOUT 1 WEEK; D, HEAT TREATED SAME AS B, HARDENED AT 
160** C. TO MAXIMUM TENSILB STRRNCfTR. NUMBERS PLOfTTBU IHPICATR PRR CENT. 
ELONGATION OF TEST PIECES. 
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suchungen G. m. b. H. Neubabelsberg covering the hardening of alum* 
inum alloys by quenching them from a certain higher temperature to a 
lower one. A special example, aluminum with 4 per cent, copper, was 
mentioned. 

The first great success was in 1909, when Wilm was granted D. R. P.' 
244554, showing that aluminum alloys harden at room temperatures after 
a treatment at certain hi|^r temperatures. The necessity of quenching 
from the higher temperature was not mentioned in this patent, probably 
to avoid interference with D. R. P. 170085. Portevin and Amon, in 



Fig. 10. Fig. h, 

Rg. 10. — ^Effect of coppeb on the tensius stbength of ALTnaNtrii contain- 

INQ 0.5 PEB CENT. MAGNE6IXTM| AND APPBOXIMATELY 0.6 PEB CENT. SILICON AND 0 4 
PBB CENT. IKON. 

Fig. II.—Eppect of'magnesixtm on the tensile stbength op aluminum con- 
taining 3 PEB CENT. COPPEB AND APPKOXIMATELT 0.6 PBB CENT. SILICON AND 0 4 
PEB CENT. IBON. 


Af HEATED AT 300® C. POB 3 BB. ; HEATED AT 500® C. APPBOXIMATELY 14 HB 

QUENCHED IN WATEB AND UEASUBED SOON AFTEB QUENCHING: C, what TMATED 
SAME AS B, AGED AT B<W1I MMPBBATUBES FOB ABOUT 1 WEEK; D, TniiAT tBBATED 
SAME AS B, HABDENED AT 160® C. TO MAXIMUM TENSILE STBENGTH. NUMBEBS PLOTTED 
INDICATE PEB CENT. ELONGATION OP TEST PIECES. 


1912, found that the hardness of aluminum bronzes may be increased 
after quenching by tempering at a temperature lower than the quenching 
temperature. 

The first company to conceive the general applicability oi the method 
now called “precipitation hardening” was the Giulini Works. By its 
Swiss Patents No. 86606 and No. lUIOO, Dec. 1, 1916, and Feb, 5, 
1918, mid in many forei^ patents, it patented the process of treating 
metals at a relatively low temperature for obtaining innT»«wed 
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tensile strength, and workability. As examples in these patents, some 
aluminum aHoys are specified; here also the necessary condition of treat- 



CuL, p«r cent 


Fig. 12. — ^Effect of copper on the electrical conductivity* of aluminum con- 
taining APPROXIMATELY 0.6 PER CENT. SILICON AND 0.4 PER CENT. IRON. 

Aj HEATED AT SOO'^ C. FOR 3 HR.; HEATED AT 500* C. APPROXIMATELY K HR., 
QUENCHED IN^WATER AND MEASURED SOON AFTER QUENCHING; HEAT TREATED 
SAME AS B, HARDENED AT 160° C., TO MAXIMUM TENSILE STRENGTH. 



Hardiamn9 Time 


Fig. 13. — ^Effect of time on hardness of aluminum, containing 0.7 per cent. 
MAGNESIUM AND APFROXIHATBLT 0.6 PER CENT. SILICON AND 0.4 PER CENT. IRON, 
HARDENED AT DIFFERENT TEMPERATURES. 

ing at higher temperature with consequent quenching, thou|^ wdl 
known to the Giuhboi Works, is not mentioned. The Giulini Works 

* To get the ocmductiTily in per cent, of the conductivity of Litemational 
Annealed Copper Standard, multipty the figure in the diagram by 1.724. 
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developed tiie method of precipitation hardening and, convinced of its 
importance i<a all kinds of alloys, devoted one of the best equipped 
metallurgical laboratories in Europe to this special research work. 
At that time, American and French metallurgists also began working on 
the same problem. 

The startling effects obtained by precipitation hardening whereby 
great in physical properties are brought about without showing 

any microscopic change in the structure led to many explanations. 
Two allotropic forms of aluminum and chemical reactions produced by 
tile heat treatment had been considered possible. While the metal- 
lurgists were seeking for an explanation, the problem was solved from a 
basis that has often explained many strange phenomena in other fields 



Dcp+h of Drilled Hble^mm. 

Fig. 14. — Workability, according to Kbssnbr, of; 1, Brass, with special 

HIGH WORKABILITT; 2, ALUMINUM, WITH APPROXIMATELY 3.6 PER CENT. COPPER, 0.6 
PER CENT. MAGNESIUM, 0.6 PER GENT. SILICON, AND 0.4 PER CENT. IRON, HARDENED; 
3, COMMERCIAL ALUMINUM, AS ROLLED; 4, COPPER, AS ROLLED. 

of science, the chemistry of colloids. By the study of colloids it was soon 
discovered that colloidal solutions, at a certain degree of dispersion, 
would rapidly increase in viscosity; or, that solid colloids have a TnaviTniim 
strength at a critical dispersion. The use of heat treatment as a means to 
change the disperaon was also well known. Benedicks seems to have 
been the first to have decidedly coimected colloid chemistry vrith metallog- 
raphy. In this country, also, the war probably was the cause for the 
dday in the development of this science and it took some years until the 
proper solution for the hardening of aluminum alloys by aging was found. 
The Giulini Works had not found an mcplknation for the afpng of alumi- 
num alloys in 1918, when the writer joined its research staff and was 
ass^^ied the’ study of this subject. As an initial step I likened the 
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hardening of aluminum by silicon and magnesium to tiie luudening of 
iron by carbon. Hie observation that the amount of graphitic silicon, 
as shown by the analysis of commercial aluminum and special aluminum- 
silicon alloys, depends on heat treatment brought Bosshardt to a colloid 
chemical conception of these phenomena.* A further study of colloid 
chemi^sal literature and the investigations of Merica, Waltenberg, Scott 
and Freeman and Alexander in the hardening of duralumin verified this 
theory. Jeffries and Archer have restricted the general colloid theory to 
the slip interference theory. The latter may be in accordance with the 
true phenomenon, but it should be borne in mind that also in non-crystal- 
line bodies the degree of dispersion plasrs a similar role, just as in the 
crystalline metals. As examples, I mi^t mention the increase of vis- 
cosity in colloidal fluid solutions and the hardening of rubber by the 
colloidally dispersed sulfur during the vulcanization. 

The authors state that the precipitated particles remain submicro- 
scopic even after a treatment at 300° C. This is true if heat treatment 
is not of long duration; after a heat treatment of one year or more, 
the particles had grown so much that Bosshardt found them visible 
under the microscope. As the authors did not publish tables or curves 
showing the properties of alloys in the vicinity of the described ones, 
some curves ate given here which will show how tensile strength and the 
elongation vary with the composition. 

These results were found by the systematic study of the alloys. 
Tensile strength and elongation may often be increased by a careful 
selection of temperatures and time of heat treatment. When running 
these tests, temperatures and time had been standardized ap indicated 
on the diagrams. The specimens, about ^ in. in diameter, were obtained 
by rolling and drawing an ingot about 2 in. in diameter. The elongation 
was measured on a length of 25 cm. (except in Fig. 10, where the measured 
length is ten times the diameter). It is therefore not possible to compare 
the figures given in the diagrams with the figures of the authors. In 
general, the elongation measured on an American (4 X diameter) 
standard test piece would be much greater than the elongation found on a 
test piece having a measured length about forty times its diameter, 
especially when the cylindrical elongation is small; that is, when the 
elongation unaffected by the contraction near the rupture is small, as in 
the case of hardened test pieces. The elongation measured along a 
___________ _____ > 

* Making use of the knowledge that silicon is soluble in aluminum at higher 
temperatures we were able to shorten greatly the analysis by treating the specimen 
for about 1 hn at temperatures between SdO** and 600^ G. followed by sudden quench- 
ing in water to room tonperatures. At the high temperature, the silicon is dis- 
persed in the aluminum in molecular form, and by dissolving the aluminum in acids 
or alkalies, the silicon dissolves completely. Any complication on account of graphitic 
silicon is thus avoided. 
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great lengtii (in proportion to the section of the test piece) usually gives 
a better idea of the forming qualities than the elongation measured 
along a short length. The statements of the authors regarding heat 
tieatinent and strength of these alloys and these curves will be found 
in agreement. 

The paper made only a sli^t mention of the electrical properties of 
these alloys. Matthiessen, Le Chatelier, and others showed that the 
electricid conductivity decreases very much with the formation of solid 
solutions. Therefore the aluminum alloys under consideration have 
their greatest conductivity after a treatment at about 300° to 350° C., 
where the greatest amount of the dissolved MgtSi, CuAli, etc. can be 
predpitated. The solubility at lower temperatures is smaller, but the 
molecular friction at these temperatures is so great that a complete 
precipitation cannot be obtained. On the other hand, the minimum 
conductivity is found after quenching from a temperature where all 
copper, magnesium, silicon, etc. are in solution. During the precipitation 
hardening, the conductivity generally rises (we know some cases where it 
falls slightly just after quenching); usually it becomes somewhat greater 
than after the quenching from the higher temperature, but when hardened 
below about 200° C. it will never reach the maximum value obtained at 
300° to 350° C. However, it is possible, under certain conditions, to 
increase the conductivity of the aluminum-magnesium-silicon type close 
to its maximum value by treatment at temperatures where such an 
increase would not be possible under ordinary conditions. This is 
shown in Fig. 12. 

A question of great importance is the stability of the hardened alloys 
at elevated temperatures. The paper mentions a test covering 60 days. 
This period is not long enough to dedde the stability at temperatures 
below 160° C.; Fig. 13 shows that even at as low a temperature as 130° C. 
the hardness decreases at the rate of 24 per cent, in half a year; at 
160° C. this rate is 55 per cent. Tests covering a long time should be 
made for each of the commercial alloys previous to putting it in service 
at tmperatures above 100° C. The softening rate may change with the 
composition of the alloy, but the general character of the softening will, 
probably, alwa]^ be the same. 

The workability by cutting tools can be determined with the drill 
hardness machine, according to Eessner; Fig. 14 gives the results of tests 
made with this machine. The tests show that the workability of the 
hardened djiminum-copper-magnesium-silicon alloy (3.5 per cent, cop- 
per, 0.5 per cent, magnesium, 0.6 per cent, silicon) is nearly the same as 
tiiat of a brass specially suitable for working by cutting tods. 

Further work in the Giulini Laboratory revealed that many other 
aUcqns besides aluminum allojrs can be hardened by the predpitation 
method. Mr. Bosshardt and the writer studied all the published binary 
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equilibrium du^^rams. In nearly every instance where such a diagram 
showed a decrease of solubility of one constituent in the other, the method 
of precipitation hardening is applicable; but in general the ^ect may be 
increased by adding a suitable third element. , However, veiy often whm 
the microscope and the thermoanalytical method fail to reveal a chai^ 
in solubility, the method of precipitation hardening will show a change. 
In the metallographical analysis of allo 3 rs, therefore, this method should 
be used in addition to the usual well-known methods. 

With this high-strength aluminum alloys, a period will start in the 
field of non-ferrous alloys similar to the development of the alloy steels 
in the steel industry. May it be as successful. 

Robebt S. Abcheb and Zat Jeffbies (authors’ reply to discussion). — 
Both Doctor McAdam and Mr. Knerr have discussed, at some length, 
certain factors that affect the substitution of strong aluminum allo 3 r 8 for 
other materials of construction for the purpose of reducing wei^t. Mr. 
Enerr has discussed this question from the standpoint of specific tenacity, 
while Doctor McAdam has considered specific endurance limit, taking 
into consideration not only simple tension but bending and torsion. But 
there are involved in the use of the strong aluminum alloys for the purpose 
of reducing weight other factors, which sometimes entirely overbalance 
specific tenacity and specific endurance. For example, the controlling 
factor in design is rigidity, or stiffness in the sense of resistance to defiec- 
tion, under loads within the elastic limit. This property is detemuned 
by the size and shape of the part and by the elastic modulus of the material. 
The elastic moduli of the various structural metals and alloys are sub- 
stantially independent of heat treatment and mechanical treatment and 
are characteristic of the chemical composition involved. Young’s modulus 
for all steels, for example, may be taken* as 30,000,000 lb. per sq. in.; 
while for aluminum allo 3 r 8 , it is 10,000,000 lb.! per sq. in. Frequently, 
when the sections necessary for the required stiffness have been provided, 
the strength and endurance properties are more than ample. In such 
cases, it is generally possible to make a material saving in weight by using 
the strong aluminum allo 3 rs. Those interested in this question can obtain 
illustrations of this point by a few simple calculations of the stiftiess of 
various beams. 

Another advantage of the light alloys, which is frequently important, 
is the greater ease and certainty of producing and handling thin pieces. 
For example, the sheet used in forming the structural members of aiitnraft 
is often quite thin, even in the aluminum alloys; suposing it to be possible 
to obtain equivalent stiffness and strength with the same wright in hi^ 
tensile steel, the steel sheet would be objectionably thin. Similar con- 
siderations sometimes apply in the case of heavier parts, like foldings, 
where in order to take full advantage of the greater strmig;th and higher 
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elastic modulus of steel it would be necessary to forge impractically thin 
sections. The larger sections involved in aluminum design are mote 
easily formed and sl^t errors in dimension are of less importance than 
. they would be in the case of the thinner steel sections. 

The authors have mentioned two factors affecting the use of the strong 
aluminum alloys in structural parts where the saving of weight is the 
primary object. Of course, often, other objects may be more important, 
such as greater economy of production or the superior finish and appear- 
ance of wrought aluminum. Where these or any other of the specific 
characteristics of the aluminum alloys, other than lightness, form the 
primary reason for the use of aluminum, it is often true that the specific 
tenacity and specific endurance of the aluminum alloys are sufficiently 
high to cause no concern. 

Doctor McAdam has referred to the work of the National Physical 
Laboratory, as exemplified in the Eleventh Report to the Alloys Research 
Committee. The results published in the Eleventh Report on artificial 
aging (that is, aging at temperatures above room temperature, of alumi- 
num alloys) are of a rather preliminary and superficial nature. The use 
of longer times and lower temperatures is not merely a matter of securing 
better control, as Doctor McAdam has suggested, but the results are 
superior to those obtainable by short-time aging at the higher tempera- 
tiues to an extent that is quite important. This information on the aging 
of aluminum alloys was obtained in substantially its present state in the 
laboratories of the Aluminum Company of America prior to the publica- 
tion of the Eleventh Report, or any other publications of which the 
authors have knowledge. 

Doctor McAdam has also called attention to the diagram of the 
National Physical Laboratory showing the solubility of copper in solid 
aluminum; this diagram is inaccurate, as will be shown in a 


forthcoming contribution from the laboratories of the Aluminum Company 


of America. 


Mr. Schweizer has contributed some results, previously unpublished 
so far as the authors are aware, of investigations at the Giulini Works. 


In general, these results are in agreement with those obtained in the 


laboratories of the Aluminum Company of America, , although there are 
some discrepancies as to detail. In Fig. 13, for example, a curve shows a 
decrease in hardness after aging for more than one month at 25° C. 


(room temperature) for an alloy containing 0.7 per cent. Tnii.grn»fliiiTYi and 
0.6 per cent, silicon; the authors have not obtained any indication of a 
decrease in hardness on prolonged aging at room temperature in any of 
the alloys under discussion. 


As to tile development of the theory of age h a r dening or precipitation- 
hardening, it may be pointed out that Scientific Paper No. 347 of the 
Bureau of Standards, by Merica, Waltenberg, and Scott, in which their 
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theory is fully disclosed, is signed Feb. 27, 1919. This theory was un- 
doubtedly developed during 1918, or earlier, at which time, according to 
Mr. Schweizer, *‘the Giulini Works had not found an explanation for the 
aging of aluminum alloys.” It therefore seems clear that to Merica and 
his co-workers belongs the credit for advancing^the first rational explana- 
tion of this phenomenon. 

There is now little question that “age hardening” is caused by the 
precipitation of finely divided or “colloidal” particles. There is some 
difference of opinion, however, as to whether th^ particles exert their 
hardening effects primarily by mechanical obstruction to slip or by surface 
forces, or other specific forces such as would increase the hardness of a 
non-crystalline aggregate. The former view was advanced by the present 
authors in 1921, and is still held by them after considering subsequent 
evidence and discussion. Probably the developments of the next few 
years in metallography and molecular physics will make it possible to 
draw conclusions with more certainty. 
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ALXTMDfCrM-COPPBB-llAONBSIUM ALLOTS 


Casting and Heat Treatment of Some Aluminum-Copper- 
' Magnesium Alloys 

By Samuel Daniels,* Met. E., A. J. LTON,t and J. B. Johnson, t M. E., Dayton, 

Ohio 

(Milwaukee Meeting, $ October, 1924) 

Tho wrou^t alloys of aluminum with small amounts of copper and 
of magnesiumliave, with the development of the automotive and aircraft 
industries, sprung into prominence through the medium of duralumin; 
but the cast alloys remained in the background because their possibilities 
in the heat-treated condition were either not recognized or not^fully 
investigated. In 1919, the Bmreau of Standards published a preliminary 
survey^ of this field, which pointed out that, in general, tte ultimate 
strength and the percentage of elongation of the alloys of aluminum with 
and without magnesium could be improved by so simple a treatment as 
heating at 932° F. (500° C.) for 2 hr., cooling in air, and'aging at room 
temperature for several days. British investigators, too, working with 
chill-cast material, found that “considerable improvement in the mechani- 
cal properties of copper-aluminum alloys may be obtained from suitable 
heat treatment applied to castings.”’ Jeffries and Gibson* made the 
first contribution to the literature dealing exclusively with the heat treat- 
ment of sand-ci^ aluminum-base alloys, describing the effect of small 
additions or of combinations of copper, magnesium, and iron on the 
response to a short heat treatment comprising heating at 932° F. in a 
nitrate bath for 1 hr., quenching in fish oil, and reheating at 300° F. for 
for 1 hr. Their results disclosed the facts that the ultimate strength 
and the percentage of elongation of sound alloys were usually, and quite 
uniformly, improved by heat treatment; that with the iron content rang- 
ing between 0.36 and 0.88 per c^t. and the silicon content between 0.24 
and 0.60 per cent, the effect of increasing the copper content (Tables 10 

" • '' ■ ■■■ " ' ' -r " "’ 

* Metallurgist, Metals Branch, Materials Section, Engineering Division, Air 
Service. 

t Chief, Metals Branch, Materials Section, En^^eering Division, Air Service. 

t Chief, Materials Section, Engineeiing Division, Air Service. 

§ Fall meeting Institute of Metals Division. 

^ Merica and Karr, Bureau of Standards Tech. Paper 139 (1919) 11. 

* Inst* Meoh. Engr., Eleventh IlqK>rt to the Altoys Besearch Committee (1921), 
39-41. 

* The Heat Treatment of Aluminum-Alloy Castings. Trane. (1921) Si, 270. 
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and 11) is erratically to increase the ultimate strength and to lower the 
percentage of elongation in both the cast and the heat-treated alloy; 
and that the effect of the heat treatment is uniformly to improve, by 
about 20 per cent., the strength and ductility of the sand-cast alloy. 
They further showed that for allo 3 rs with copper content varying from 
3 to 6 per cent, and iron in amounts at least up to 1.4 per cent., the effect 
of heat treatment is to preserve, as a minimum, the percentage of elonga- 
tion of the alloy as cast and to increase substantially the ultimate strength; 
that the addition of iron is more beneficial to aluminum allo 3 rs low in 
copper than those high in copper; and that the effect of magnesium addi- 
tions to an alloy containing 3 per cent, of copper and 1.4 per cent, of iron 
is to increase practically continuously the ultimate strength of the alloy 
both as cast and as heat treated, more especially that of the heat-treated 
alloy (which has a maximum of about 37,000 lb. per sq. in. and an elonga- 
tion of about 1.3 per cent, at 1.1 per cent, of magnesiiun); and to decrease 
continuously and in about the same proportion the percentage of elonga- 
tion of both the cast and the heat-treated alloy, from approximately 7 
per cent., with no magnesium, to about 1.6 per cent., with 1.4 per cent, of 
magnesium. 

The present paper deals with a portion of the work of the Materials 
Section, Engineering Division, Air Service, U. S. A, on the casting and the 
extended heat treatment of alloys of the duralumin type (copper, 2.5-5.0 
per cent.; magnesium, 0.6-1.0 per cent.; silicon, 0.2-1.0 per cent.; iron, 
0,3-1, 5 per cent,; manganese, 0.0 to 1.0 per cent.; chromium, etc.). This 
range of compositions includes an alloy recently placed on the market 
In the cast form and designated as Lynite 195. 


Methods op Alloying 

The composition of the raw materials used in the manufacture of 
the various alloys is shown in Table 1. Aside from the al uTninum-m a n- 
ganese alloy, all of the hardeners were made in the McCook Field foundry 
by the following methods: 

For the aluminum-copper (50:50) hardener, all the copper (under 
charcoal) and one-half the aluminum (with no cover) are melted separately 
in plumbago crucibles. The copper is then skimmed and poured into 
the molten aluminum; this causes a rapid rise in temperature, which is 
checked by the addition, in small pieces, of the remainder of ^e solid 
aluminum ingot. This aluminum-copper hardener is very brittle and 
is easily broken for accurate weighing. 

The aluminum-iron (94:6) hardener is made by soaking wrought iron 
into aluminum at about 1700'' F., zinc chloride or a mixture of cryolite 
and salt being used as a flux. The time required to melt the nails is 
about 1 hr., but the hardener is uniform and free from iron oxide, which 

voji. — 55 
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Table 1. — Composition of Raw Materials 


Metals 


Mdt No. 

Copper, 

Per Cent. 

Silioon, 

Per Cent. 

Iron, 

Per Cent. 

M^agneeium, 
Per Cent. 

Manganese, 
Per Cent. 

Aluminum Ingot 

593 


0.20 

0.25 



10i5 


0.45 

0.46 



1661 


0.14 

0.32 


0.01 

1662 


0.30 

0.82 


0.04 

1799 


0.36 

0.38 





0.14 

0.29 



Magnesium 

919 

Stick 



99 + 


2013 

Slab 



99+ 



Hardeners 


Aluminum-copper 


1006 

49.55 

0.17 

0.29 


1605 

47.69 

0.22 

0.65 


1872 

59.40 

0.19 

0.38 


2239 

49.70 

0.19 • 

0.33 


2548 

49.59 

0.23 

0.27 



Aluminum-iron 




6.00 



Aluminum-manganese 


1817 

i 

0.40 

0,50 

0.78 


6.99 


Aluminum-silicon 

2415 


18:45 

0.48 




Aluminum-copper-iron 

1851 

1 

22.30 

0.38 




im 

23.49 

0.27 




3827 

25.88 

0.80 
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fonns when the iron is melted by itself or is alloyed with aluminum at very 
high temperatures. This hardener is not particularly brittle, but it was 
used in the alloys described in this paper. At present, a 33 per cent, iron 
alloy made in the same way as the 6 per cent, alloy and much more easily 
broken, is being used. 

For the aluminum-silicon (80:20) hardener, the silicon and an 
equal weight of aluminum ingot are charged and melted together at 
1800° F. The rest of the aluminum is added, either in solid pieces or 
molten. No fluxes are used. This hardener is quite tough and must 
be sawed into small pieces. (An easily broken 50:50 hardener is 
available commercially.) 

For the aluminum-copper-iron (62.5:25.0:12.5) hardener, the alum- 
inum and copper are charged and melted together. Small pieces 
of wrought iron are then soaked into the alloy held at a temperature of 
from 1600 to 1800° F. Another method consists of charging wrought 
iron with copper and melting the copper only. The aluminum is melted 
in another crucible and is poured into the copper; the wrought iron alloys 
completely from the heat of the reaction. No fluxes are used. This 
hardener is very brittle and lends itself to accurate weighing. 

All of these alloys should be thoroughly stirred before pouring and 
should be pigged in cast-iron molds. In general, the hardeners should be 
poured into thin section, to facilitate breaking and to prevent segregation, 
especially in the iron-bearing mixtures. 

In founding alloys of the duralumin type, the aluminum ingot is 
simply charged and melted with the necessary hardeners in a plumbago 
crucible, the fuel being either oil or gas. If the melt requires magnesium, 
the crucible is withdrawn from the furnace and then the magnesium is 
added, in solid form, by plunging it below the surface of the molten charge 
and holding it there until complete solution has taken place. No trouble 
is experienced from loss of magnesium. Fluxes and covers are not used 
in the routine practice, although some experimental work has been carried 
out in this direction. Bare chromel-alumel thermocouples and the Leeds 
& Northrup potentiometer are used to control the maximum furnace 
(about 1425° F.) and the pouring temperature. 

Methods of Casting 

Alloys of the duralumin type, both high and low in copper, are slightly 
more difficult to cast than the conventional 8 per cent, copper (aluminum) 
alloy. The solidification range of the former, which tend to act like a pure 
mei^, is more narrow than that of the latter, in which the lai^ amount 
of liquid eutectic serves to keep the alloy pasty for some time and asasts 
in the conformation of the metal to the mold and core outlines. Hie very 
phenomenon that promotes ease of casting leads to the disadvantages of 
segregation and pororaty, induced by the dramii^ of the eutectic from 
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about the already solid aluminum-rich crystals. The theoretical aspects 
of the mechanism of solidification of the aluminum-copper alloys have 
been thoroughly discussed by J. D. Edwards.^ From the practical stand- 
point, McCook Field results have shown that test specimens machined 
from tile same locations in large castings possess comparative uniformity 
of phjTEdcal properties when of duralumin high in copper (4.5 per cent.) 
and oonriderable heterogeneity when of the 8 per cent, copper alloy. 

The foundry practice for the alloys of the duralumin (Al-Cu-Mg) 
type is similar to that for the magnalite (Al-Cu-Ni-Mg) type, except 



that the latter more frequently requires chills even in heavy imiform 
sections.* Complicated castings in duralumin have been made, with 
relatively heavy risers or feeding heads, where it was necessary to place 
chills only in abrupt changes of section. An interesting use for the dura- 
lumin low in copper has been in parts that not only must be cast with 
extreme changes in section, but must be impervious. The 10 per cent, 
copper alloy had previously been used for this purpose. 

The range of pouring temperatures used for duralumin was from 
1250° to 1300° F. Most of the castings and all test specimens, which were 
cast to size three to the mold as shown in Fig. 1, were poured from 1300° F. 
into green Albany sand. The chemical composition and the ph 3 rsical 
properties of a number of allo 3 rs so oast are given in Table 2. 


* Meehanism of Solidification of a Copper-Aluminum Alloy. Chem. & Met. Bng. 
(1021) U, 217. 

* Lyon and Danieb: Notes on a Sand-cast Aluminum-Copper-Nickel- Magnesiiun 
Alloy. JtU. Soc. Automotive Engineers, (1924) 14, 173. 
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An investigation of mold materials showed that the chilling effect of 
metal molds could not be approached by the use of carborundum, fire 
sand, or other highly refractory materials. Drying the sand molds 
decreased the rate of cooling of the metal, imparting to it a coarser crystal- 
line structure. Table 3 shows the relationship between the physical 

Table 2, — Composition and Physical Properties of Some 


AlrCu-MgiMn) Alloys as Sand Cast 



Ultimate 

Elonga- 
tion 
in 2 in.. 
Per Cent. 

Brinell 

Hardness 

Number 


Composition 

Melt 

Number 

Strength, 
Lb. per 
Sq. In. 

Specific 

Gravity 

Copper, 
Per Cent. 

Magne- 
sium, 
Per Cent. 

Silicon, 
Per Cent. 

Iron, 
Per Cent. 

Manga- 
nese, 
Per Cent. 

341 





4.47 

0.12 

0.57 

0.51 


1088 

23,790 

2.2 

50 

2.75 

4.10 

0.97 

0.52 

1.08 

Trace 

1167 

21,390 

2.0 

54 

2.73 

3.98 

0.57 

0.47 

0.60 

Trace 

1401 





4.35 

0.71 

0.46 

0.72 


1844 

19,880 

1.0 

61 

2.77 

4.65 

0.47 

0.30- 

0.60- 


1862 

19,700 

1.7 

54 

2.75 

4.00- 

0.13 

0.30- 

0.60- 


1863« 

18,280 

0.8 

70 

2.75 

4.00 

0.60 

0.30 

0.60 


1864- 

19,230 

1.2 

65 

2.76 

4.00 

0.60 

0.30 

0.60 

0.75 

1882- 

16,540 

3.5 

46 

2.70 

2.00 

0.50 

0.25 

0.40 


1883- 

21,700 

2.2 

63 

2.73 

3.50 

0.75 

0.25 

0.40 


1884- 

18,760 

1.2 

61 

2.76 

4.00 

0.50 

0.25 

0.40 


1885 

19,880 

2.5 



3.11 

0.50 

0.24 

0.41 


1886- 

20,580 

1.0 ! 



4.00 

0.50 

0.25 

0.40 

0.75 

1887- 

20,210 

1.7 1 

60 

2.74 

3.00 

0.50 

0.25 

0.40 

0.75 

1888- 

19,200 

2.8 ! 

50 

2.71 

2.00 

0.50 

0.25 

0.40 

0.75 

1903 

24,080 

6.5 



2.08 

0.41 

0.28 

1.18 


1904 

23,830 

1.5 



3.96 

0.40 

0.24 

1.12 


1905 

25,280 

3.0 



3.04 

0.38 

0.26 

1.18 


2263 

18,550 

2.0 1 



4.63 

0.22 

0.47 

0.95 


2266 

i 


Remelt of melt 2263 



2307 

21,100 

4.5 



4.45 


0.91 

0.98 


2310 

21,430 

2.0 


Remelt of melt 2263 



2312^ 

19,800 

3.7 


Remelt of melt 2307 



2313‘ 

17,260 

2.3 


Remelt of melt 2263 



2536 

20,200 

2.2 



4.35 

0.22 

0.52 

0.95 


2702 

17,850 

4.2 



4.57 

0.10 

0.45 

0.55 

0.11 

2711 

20,760 

2.0 i 



4.87 

0.31 

0.56 

0.75 


271P 

23,290 

2.0 









• Calculated analysis. * Chill cast. 


properties of the cast and those of the heat-treated alloy containing 4.35 
per cent, copper and 0.22 per cent, magnesium, cast in green and in dry 
Albany sand, in carborundum sand molds, and in cast-iron molds. In 
the alloy as cast, the mold material affected the ductility principally. 
Metallographic analysis showed that this effect was attributable to the 
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rate of cooling rather than to any reaction of the molten metal with the 
mold material. Heat treatment equalized small differences in the prop- 
erties of the alloy as cast and as influenced by the mold material and its 
condition, particularly in the case of sands. The beneficial effect of 
chill casting was much more evident after heat treatment than before. 

From the foundry standpoint, neither permanent molds nor carbo- 
rundum-sand molds are practicable. The use of the former is much 
restricted because of the cost of making molds; and carborundum sand is 
more expensive than the ordinary molding sands and produces a decidedly 
inferior surface on the casting. Dry sand molds made from carborundum 
sand are very hard and generally cause the test specimens to pull away 
from the risers. This condition may be improved by using higher pro- 
portions of heap sand as a binder, but the advantage to be gained from 
the superior conductivity of the carborundum sand is lost in the dilution. 
All things considered, a grade of molding sand of the Albany type is the 
most desirable for general use. 

Methods op Testing 

As cast or as heat treated (Tables 2 to 12, inclusive), the test speci- 
mens were pulled between wedge grips in a 20,000-lb. Olsen machine; 
and after rupture the percentage of elongation was determined by fitting 
the broken bars together as closely as possible and measuring the exten- 
sion to the nearest 0.01 in. Each average in the tables is that of three 
specimens, except in Table 12, where the average may represent as many 
as sixteen test specimens. The Brinell hardness values, for a 500-kg. 
load and 10-mm. ball, were taken on broken tension specimens. The 
results given in Table 10 were obtained from a series of Brinell hardness 
tests made periodically on the same bar, the values accordingly represent- 
ing but one Brinell impression. The specifio-gravity determinations were 
made by the ordinary displacement method. All tests were made seven 
days after the completion of heat treatment, imless otherwise specified. 

Methods op Heat Tbeating 

Most of the heat-treatment experimentation was designed to determine 
the behavior of the cast duralumins high in copper, without and with 
mi^esium m amounts up to 0.3 per cent. The following factors were 
investigated : Effect of quenching temperature; effect of time at quenching 
temperature; effect of aging temperature; effect of time at aging tempera- 
ture; and effect of reheating following quenching and aging. Such 
considerations as the ffature and temperature of the quenching medium 
were not explored thoroughly. The nitrate bath as a heating medium 
was used but it was abandoned for many reasons, among which were the 



872 


AI.trMINTniC-COPPBE-MAGNESITJM AliOTS 


oooadooal formation of exudations on the surface of the castings and 
the contamination of the quenching medium. The electric furnace, 
automatically controlled to within ±10** F., gives a remarkable uni- 
formity of physical properties for a specific heat treatment and possesses 
none, of the disadvantages inherent in the nitrate bath. It is not 
believed that heated alloys suffer mentionable decomposition and 
deterioration when quenched in water, as reported by Jeffries and Gibson.* 
Some reaction may take place in the quenching medium, but it is secon- 
dary and minor in consequence. Discolorations in fractures quite gener- 
ally result from oxidation, which occurs in the heating before quenching. 
They may be prevented, at least to a large degree, by a sodium-silicate 
treatment developed at McCook Field. Aging was accomplished in air 
at room temperature, in boiling water, or in an automatically controlled 
electric oven when the temperatures were to be between 300** and 500® F. 
A large percentage of the results included in the accompanying tables 
was obtained from test specimens heat treated with castings used in air- 
craft construction. 


Physical Propehties 
Cast Alloys 

Analysis of the results shown in Tables 2 and 3 indicates that 
whether sand or chill cast the high-copper duralumin with the magnesium 
content up to 0.15 per cent, developed an ultimate strength ranging from 
18,000 to 21,000 lb. per sq. in. and an elongation of from 2.0 to 4.5 per 
cent. With further increase of magnesium up to 0.33 per cent., the ulti- 
mate strength was not appreciably affected but the elongation was 
decreased to about 2 per cent. 

In the sand-cast low-copper duralumins. Table 12, in which the content 
of magnesium was kept constant at 0.40 per cent., that of iron at 1.25 per 
cent., and that of silicon 0.25 per cent., the ultimate strength for copper 
contents between 2 and 3 per cent, was about 25,000 lb. per sq. in.; 
but the elongation fell from 6.5 per cent., for the 2 per cent, copper alloy, 
to 3 per cent., for the 3 per cent, copper alloy. Increasing the copper 
to 4 per cent, caused a drop in the elongation to 1.5 per cent. 

These figures show that the best combination of strength and ductility 
in these alloys, as sand cast, resulted from the following analysis: 
Copper 2.5 per cent., magnesium 0.5 per cent., iron 1.25 per cent., 
silicon 0.25 per cent. It is to be observed that the composition of the 
alloy requires that a high-grade aluminum ingot be used for its manu- 
facture, and that most of the iron be introduced in the form of 
an aluminum-iron hardener. 

' Loc . eit ., 271. 
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Cast and Heat-treated Alloy 

The effect of quenching temperature on the high-copper duralumins 
was determined from test specimens soaked for 96 hr. (which period gives 
an approximation of equilibrium conditions), quenched in cold water, 
and aged at 300° F. for 8 hr. Table 4 and Fig. 2 show that, for the sand- 
cast alloys, the best combination of strength and ductility for this treat- 
ment was secured by quenching from 950° F. The chiU-cast material, 
however, responded to heat treatment erratically, the best properties 
(ultimate strength of 47,600 lb. per sq. in. and elongation of 8 per cent.) 
resulting from a temperature of 1010°, F., very close to its inititd melting 
point (solidus). Close control of the heating and quenching tempera- 
tures is imperative. For sand-cast material, quenching temperatures 
below 925° F. give inferior results; while temperatures in excess of about 
1000° F. cause the alloy to be very fragile and exceedingly inferior in physi- 
cal properties even after aging. 


Table 4. — Effed of Qttenching Temperature 

(Specimens soaked for 96 hr. at indicated temperature, quenched in cold water, and 

aged at 300“ F. for 8 hr.) 


Q^aenohing 

Tempera- 

ture, 

Degrees F. 

Ultimate Strength, Lb. per 
Sq. In. 

Elongation in 2 In., 

Fer Cent. 

Brinell Hardness Number 

SC* 

Melt 

2702 

SC 

Melt 

2711 

CC 

Melt 

2711 

SC 

Melt 

2702 

SC 

Melt 

2711 

CC 

Melt 

2711 

SC 

Melt 

2702 

SC 

Melt 

2711 

CC 

Melt 

2711 

850 


33,010 



2.0 



74 


876 

30,820 

30,600 


1.0 

2.8 





900 

24,030 

30,650 

31,790 

2.0 

2.6 

3.5 




925 

38,580 

36,870 

44,540 

1.0 

3.2 

7.6 

93 

74 


950 

44,100 

37,010 

42,550 

1.0 

3.2 

6.7 

86 

80 

83 

975 

43,760 

34,300 

39,600 

1.0 

3.5 

4.7 

96 

74 

80 

1,010 

6,430 

30,210 

47,650 

0.8 

1.6 

8.3 

89 

70 

80 

1,025 


11,800 



1.0 





As cast 

17,860 

20,760 

23,290 

4.2 

2.0 






■SC Sand cast; CC ■ Chill cast. Pouring temperature, 1260° F.; mold 
temperature, 650 to 660“ F. 


It is not to be inferred from this discusnon that aging for 8 hr. at 300° 
F., an arbitrary treatment, produces the most desirable combination of 
strength and ductility. In fact, there is much to indicate that the phsrsical 
properties are highly dependent on the composition of the alloy, quench- 
ing temperature, time at quenching temperature, a^g temperature, 
time at t^ing temperature, and possibly the nature and temperature of 
the quenching medium. 
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Table 5 and Fig. 3 demonstrate that it is necessary to soak for 96 hr. 
(at a minimum temperature of 925° F.) in order to obtain the best combina- 
tion of strength and ductility. Metallographic analysis has shown that 
to obtain the maximum strength or ductility it is necessary to get 
all of the CuAU compound into solution before quenching. Inasmuch 


20.000 



Temperature, d^ree& F. 

Fia. 4. — Effect of aging temfebatubb, melt 2266 


as the 96-hr. soaking at 925° F. accomplished this and as the rate of solu- 
tion increases with temperature, it is entirely probable that at about 950° 
F. the period of soaking could be diminished. This relationship of tem- 
perature to time on the rate of solution of CuAl* is being worked out. 
Table 5 also shows that the cold-water quench followed by aging at 300° 
F. for 2 hr. produced better results than quenching into and aging in 
boiling water for 2 hr., more especially from the standpoint of ductility. 

The effect of aging temperature is shown in Table 6 and Fig. 4. For 
the 2-hr. period of aging at temperatures between 200° and 500° F., the 
aging temperature of 300° F. produced the^best combination of strength 
and ductility. Aging temperatures in excess of 300° F. (for a period of 
2 hr.) caused a rapid increase in strength at the sacrifice of ductility. 
Too much importance cannot be attached to the necessity for securing the 
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proper* relatioitsbip between a^g temperature and time at i^ing temper- 
ature, whidi effect will presently be considered. 

Table 5. — Effect of Time at Qumching Temperature (of 926® F.) for 
Varioue Periods of Aging at 300® F. 


(Specimens quenched in cold water unless otherwise stated) 



Melt 2536 

Mdt 2266 

Time at 
Quenching 
Tempera> 
ture. Hours 

Ultimate Strengthi Lb. per Sq. In. 

Elonntion in 2 In., 
Per Cent. 

Ultimate 
Strength, 
Lb. per 
Sq. in. 

Elongation 
in 2 In., 
Per Cent. 

Aging Period, Hours 

j 

Aging Period, Hours 

Quenched into and 
A|^ in Boiling Water 


2 

4 

6 

8 

2 

1 

4 

6 

8 

2 Hr. 

2 

29,450 

29,160 

30,670 

30,610 

2.5 

2.6 

1.8 

2.2 



5 

29,470 

28,480 

27,530 

30,470 

2.2 

1.7 

1.7 

1.8 



7 

30,170 

30,260 

31,330 

31,750 

2.7 

2.7 

2.2 

1.8 



24 

33,270 

32,740 

33,130 

33,090 

3.7 

2.9 

3.4 

2.8 

26,700 

2.5 

48 




1 





31,010 

3.0 

72 









33,180 

3.6 

96 

34,690 

34,000 

36,430 

35,990 

6.2 

4.4 

6.0 

4.6 

33,560 

3.7 

144 









33,210 

3.2 


Table 6. — Effect of Aging Temperature 


(Specimens soaked at 925° F. for 144 hr., quenched in cold water, aged at indicated 
temperatures, and air-cooled) 


Aging Temperature, 
Degrees F. 

Melt 2266 

Ultimate Strength, Lb. per Sq. In. 

Elongation in 2 In., Per Cent. 

Aging P^od, 

Aging Period, 

8 Hr. 

Aging Period, 

2 Hr. 

Aging Period, 

8 Hr. 

70* 

22,800 


5.3 


200 

31,590 

33,100 

3.7 

2.7 

300 

30,730 

39,340 

4.5 

1.7 

400 

37,950 

35,290 

1.3 

1.6 

500 

35,850 

32,670 

1.8 

2.0 


” Air-cooled from 925° F. and aged at room temperature (70° F.). 


Most of the work described in this paper has centered around the 
aging temperatures of 212® and 300® F.; Table 7 and Fig. 6 permit an 
intimate study of the changes that occurred, especially for the various 






SAUUKL DANIELS, A. J. ETON, AND J. B. JOHNSON 


877 


periods of aging at 300° F. In the high-copper duralumin containing 
(probably inclusively when manganese is absent) up to 0.2 per cent, of 
magnesium, it was possible to secure an ultimate strength of 28,000 to 
35,000 lb. per sq. in. with an elongation of from 7 to 4 per cent., with an 
aging period at 300° F. at from 2 to 8 hr. Comparison of the 8-hr. 
with the 2-hr. aging period and with the data in Table 6 shows that a 
marked decline in the percentage of elongation occurs with aging about 
8 hr. The evidence is indisputable that for any aging temperature above 



atmospheric up to 500° F. there is a critical aging period, which if 
exceeded causes an abrupt decline in the percentage of elongation. 
The position of this point is also dependent on the chemical composition 
of the alloy, manganese (melt 2702) and magnesium probably in excess 
of 0.25 per cent, (melt 2711) doubtless shortening the critical aging period. 
With alloys of the last description, it is necessary to keep within the 
curtailed aging period to secure the desired higher range of ductility 
(see melts 2702 and 2711, 2-hr. aging, Table 7). 

Aging at 300° F. longer than the critical aging period increases the 
ultimate strength at the expense of the percentage of elongation. Within 
24 hr., generally, the end point (maximum ultimate strength) for the high- 
copper duralumins is reached, at the end of which time, depending on the 
composition and the heat treatment previous to aging, there may be 
obtained a range of ultimate strength of from 35,000 to 45,000 lb. per 
sq. in. ; 50,000 lb. per sq. in. has been secured in individual test specimens. 
The corresponding range in elongation is from about 3 to 1 per cent. For 
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Quenched into and aged in boiling water for 2 hr. 
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the 168-hr. a^g period, the results were not appreciably different from 
those ensuing from the 24-hr. treatment. 

Reheating specimens from melt 2310 after they had been quenched 
and aged for 24 hr., to develop their maximum strength (about 45,000 lb. 
per sq. in. with an elongation of 1 per cent.), caused a slight loss of strength 
and minor change in the percentage of elongation when the reheating 
temperature (quenched in cold water) was 400® and 500® P. (Table 8). 



When the reheating temperature was 600® F., however, the ultimate 
strength dropped to 30,000 lb. per sq. in., and the elongation rose to 3.3. 
per cent. The minimum ultimate strength (28,960 lb. per sq. in.) and 
the minimum elongation (4.7 per cent.) were obtwned with a reheating 
temperature of 700® F. With higher reheating temperatures (Fig. 6), 
the softening effect is lost and hardening commences, which increases in 
intensity with increase in temperature, as was to have been expected. 
The reason why the alloy on being quenched from 800® and 900® F. 
develops such a good combination of ultimate strength and percmitage of 
elongation is because the CuAli is in a form that goes readily into sidution. 
From practical considerations, the reheating following quenching and 
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is not justifiable on the basis of the resultant physical properties. 
If the alloy has been heat treated to develop either its maximum strength 
or its maximum ductility, these data show that the material cannot be 
subjected to temperatures above 200® to 300° F. in service for any length 
of time and retain its initial mechanical properties. 


Table 8. — Effect of Reheating Follomng Quenching and Aging • 


(Specimens soaked at 925* F. for 96 hr., quenched in cold water, aged at 300* F. for 
24 hr., reheated to and for 2 hr. at temperatures indicated, then quenched 

in cold water) 


Reheating Temperature, 
Degrees F. 

Ultimate Strength, 
Lb. per Sq. In. 

1 

Elongation in 2 In., 
Per Cent. 

Brinell Hardness Num- 
ber 

No reheating 

44,060 

1 

1.0 

102 

400 

36,110 

1.7 

81 

500 

40,680 

1.3 ! 

92 

600 

30,000 

3.3 ; 

65 

700^ 

28,960 

4.7 ! 

60 

800 

30,500 

4.3 , 

68 

900 

35,670 

3.0 1 

83 


“ Melt 2310. ‘ Soaked at 700° F. for hr only. 


The effect of magnesium, in amounts up to 0.3 p)er cent., is most appar- 
ent in the high-copper duralumins when they are aged at 300° F. (Table 
9). When the magnesium content does not exceed about 0.2 per cent., the 
necessity for aging for periods of less than 8 hr. to retain proper ductility 
is not so pronounced. If the magnesium content exceeds this figure, or 
if such elements as manganese are present, the only way to retain the 
ductility is to limit the aging period to approximately 2 hr. In other 
words, the critical aging period for an aging temperature of 300° F. 
depends on what elements are present in the alloy besides copper and, 
to a less extent, iron and silicon. 

In a general way, although no attempt is made to establish a direct 
relationship, the Brinell hardness appears to be directly proportional to 
the ultimate strength and inversely proportional to the percent^e of 
elongation (see Fig. 6). Table 10 indicates the stability of the properties 
of the heat-treated alloys in terms of Brinell hardness. For specimens 
quenched and aged in boiling water for 2 hr., or for specimens simply 
quenched in cold water and not ngcd, the Brinell hardness gradually 
increases after quenching; the hardness taken 4^ months later is con- 
siderably greater than that taken immediately after quenching. When 
^d at 300° F., however, the alloys assume a stable hardness immediately 
on completkm of agmg. Reheating and cold-water quenching after 
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aging at 300° F. for 24 hr. decreases the hardness from 100 to 49, with a 
reheating temperature of 800° F., all tests being made hr. after com-~ 
pletion of the heat treatment. The Brinell hardness values obtained 
immediately after reheating and quenching do not change for reheating 
temperatures up to about 700° F. Beyond 700° F., the gradual hardening 
effect at room temperature is quite marked in the high-copper duralumin. 
The Brinell results show that the procedure of testing tension specimens 
7 days after aging at 300° F. gives results that are stable. 


Table 9. — Effect of Magnesium Additions on Tensile Strength and 

Hardness 


(Specimens soaked at 925° F. for 96 hr., quenched in cold water, and aged at 300° 
F. for period of time indicated) 


Physical Properties 

2307 

Mdtl 

2702« 

''dumber 

2310 

2711 

Heat Treatment 

Magne- 

sium, 

Nil 

Magne- 
sium, 
0.10 Per 
Cent. 

Mi^pie- 
sium, 
0.22 Per 
Cent. 

Magne- 
sium, 
0.31 Per 
Cent. 

Ultimate strength, 

25,910 


25,940 


Quenched only, immediately 

lb. per sq. in. 





tested 


24,180* 

30,110 

31,900* 

35,660 

Aged at 300*’ F. for 2 hr. 


34,630 

38,580 

35,070 

25,200 

Aged at 300*^ F. for 8 hr. 


35,570 

43,870 

44,060 

46,170 

Aged at 300** F. for 24 hr. 

Elongation in 2 in., 

7.6 


7.0 


Quenched only, immediately 

per cent. 

1 




tested 


6.7^ 

7.8 

3.7^ 

4.5 

Aged at 300® F. for 2 hr. 


5.3 

1.0 

3.7 

3.0 

Aged at 300® F. for 8 hr. 


2.8 

0.7 

1.0 

1.0 

Aged at 300® F. for 24 hr. 

Brinell hardness 

59 


60 


Quenched only, immediatdy 

number 





tested 


55* 

61 

71* 

74 

Aged at 300® F. for 2 hr. 


72 

93 

82 

74 

Aged at 300® F. for 8 hr. 


86 

96 

102 

98 

Aged at 300® F. for 24 hr. 


> Manganese, 0.11 per cent. * Quenched into and aged in boiling water. 


Alloys having an ultimate strength of about 34, (XK) lb. per sq. in. and 
an elongation of about 4.5 per cent, usually have a Brinell har dnojw of 
from 70 to 80; when the ultimate strength is over 35,000 lb. per sq. in. 
and the elongation as low as 1.5 per cent., the Brinell hardness is usually 
greater than 85. 

TOL. uoo. — 56 
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Tablb 10. — Effed of Heat Treatment on Stability of Alloys as Measured by 

Brinell Hardness 


(Speoimens soaked at 925” F. for 06 hr.) 


Heat Treatment 

Home after Completion of Heat l>eatment 

« i 

24 

168 

8264 

Melt No. 

2307 

2310 

2307 

2310 

2307 

2310 

2307 

2310 

Brinell Hardness Number 

None (as cast) 



50 

61 





925.BW2 

52« 

72- 

54 

76 

55 

71 

64 

79 

926-CW 

57- 

60- 

59 

80 

59 

79 

64 

84 

926-CW300-8 

! 71 

80 

79 

82 

72 

82 

78 

81 

925-CW30a-24« 

' 88 

100 

89 

no ' 

86 

102 

87 

106 

926-CW300-168 


105 




99 

85 

104 

926-CW300-24-40a-2 W 


82 


87 


82 

j 

85 

925-CW30a-2«0a-2W 


02 


95 


92 


1 89 

925-CW300-24-60&-2W* 


66 


69 


65 


1 65 

925-CW300-24-700-2F 

i 

40 


40 


45 


' 43 

925-C W300-24-700->^ W 

' 

55 


62 


60 


1 62 

925-CW30a-24-800-2W 

i 

49 


54 


68 

1 

71 

925-C W300-24-900-2 W 


54 


75 


83 

i 

84 


■ Quenched from 925° F. in cold water and aged at 300° F. for 24 hr. 

* Same as *, but also reheated to and soaked at 600° F. for 2 hr., then quenched in 
cold water. 

* Brinell tested 2 hr. after completion of heat treatment. 


In Table 11 are grouped the results from a number of miscellaneous 
heat treatments of high-copper duralmnins. Good ductility cannot be 
obtained with short soakings at the quenching temperature and either the 
boiling-water or the cold-water quench. The table indicates that for a 
2-hT. soaking period, the maximum ultimate strength obtainable is a 
function not only of time at aging temperature, but of heating (quench- 
ing) temperature, much better results having been obtained from 975° 
than from 925° F. The possibility of increasing the soaking (quenching) 
temperature to above 925° F. and of shortening the period of soaking 
has already been considered. 

Table 12 gives the data that have been obtained in coimection with 
devdlopment of a low-copper duralumin whose composition is: cop- 
par, 2.26 to 2.75 per cent.; magnesium, 0.4 to 0.6 per cent.; iron, 1.15 to 
1.35 pa cent. ; silicon, 0.2 to 0.5 per cent. ; aluminum, balance. 
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Tabus 11. — Effect of MieeeUaneotts Heat Treatmente on Physical 
Properties of AUCtt-Mg Alloys High in Copper 


Heat Treatment 

Melt 

Num- 

Cop- 

Kr* 

1 Cent. 

Mag* 

neeium« 

Per 

Cent. 

Tested after Completion of Heat Treatment 

1 Day 

8 Days 1 

9 Days 

Ultimate 
Strength, 
Lb. per 

Sq. In. 

Elongation, 
Per Cent. 

Ultimate 
Strength, 
Lb. per 

Sq. In. 

Elongation, 
Per Cent. 

Ultimate 
Strength, 
Lb. per 

Sq. In. 

<f.s 

|9 

a®* 

925-2BW2* 

2711 

4.87 

0.31 

28,920 

2.1 

31,530 

1.8 

29,950 

1.7 

926-2BW3 

2263 

4.63 

0.22 

28,680 

1.5 





925.24BW2 




26,700 

2.5 





925-2CW30(>-2 




25,130 

2.0 





925.2CW300-16 




33,430 

0.8 





926-2CW300.16-700-2W 




22,460 

3.8 





976-2CW300-16 




41,360 

0.5 





926-6CW300-20 




34,630 

0.5 






■Soaked at 925° F. for 2 hr. ; quenched and aged in boiling water for 2 hr. 


The alloy containing 2.5 per cent, copper, 0.5 per cent, magnesium, 

1.25 per cent, iron, and 0.25 per cent, silicon has, as sand cast, an ultimate 
strength of about 25,000 lb. per sq. in., an elongation of about 5 per cent., 
and a Brinell hardness of about 60. These properties, by a short heat 
treatment involving heating at 950° F. for 2 hr., quenching in boiling 
water, and aging for 2 hr., either in this boiling water or at 300° F., are 
altered to an ultimate strength of about 29,000 lb. per sq. in., an elonga- 
tion of about 3.5 per cent., and a Brinell hardness of about 67. 

The effect of increasing the copper content from 2 to 4 per cent., when 
that of magnesium, iron, and of silicon is kept constant at 0.45, 1.25, 
and 0.25 per cent., respectively, is to decrease the percentage of eloi^tion 
more in proportion than to increase the ultimate strength, whether the 
low-copper duralumin be in the sand-cast or in the heat-treated condition 
(Table 12). 

Magnesium evidently has a greater influence on the mechanical 
properties than copper. Comparison of the 2 per cent, copper alloys 
with magnesium content at 0.25 and at 0.50 per cent., respectively, 
shows that the ultimate strength and percentage of elongation were 
perceptibly altered by heat treatment only in the latter alloy. The effect 
of magnesium in excess of 0.5 per cent, in the alloys containing between 

2.25 and 2.75 per cent, of copper has not yet been determined. 

The low-copper duralumin is particularly well adapted to short heat 
treatments, for most of the CuAls compound and the MgsSi are in a finely 
divided filigree, probably as a ternary eutectic with the aluminum-^ch 





Table 12. — Physical Properties of Sandncast AUCu-Mg AUoys rvith Low Copper 

Tested after Heat Treatment 
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E!on> 

gation. 

Per 

Cent. 

Q 

S 

Ultimate 
Strength, 
Lb. per 
Sq. In. 


khi 

il^s 

Q 

Ultimate 
Strength, 
Lb. per 
Sq. In. 


Elon- 

gation, 

Per 

Cent. 

1 


Ultimate 
Strength, 
Lb. per 
Sq. In. 

Q 

04 

Elon- 

gation, 

Per 

Cent. 


1 Ultimate 
Strength, 

1 Lb. per 
Sq. In. 

& 

Elon- 

gation, 

Per 

Cent. 

Q 

Ultimate 

1 Strength, 

1 Lb. per 
' Sq. In. 

>t 

1 

Elon- 

gation, 

Per 

Cent. 

a 

& 

Ultimate 
Strength, 
Lb. per 
Sq. In. 

so 

1 


1 



00410 00 


§S8S 

oa»c9o 
e4C4 04ra 


^ • ’• ’g 


SSSa 


Theee figaree are for Cu 2.17 per cent., Fe 1.55 per cent.» Ms 0.25 per cent., 8i 0.25 per cent. 
Soaked at 040^ F. for 40 min., and quenched and aged in boiling water for 16 hr. 
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solid solution; and the small particles of the two compounds enter into 
solution very rapidly, 2 hr. at 925 to 950°F. being sufficient time for the 
alloy to attain equffibrium. The iron is present principally as insoluble 
sheaves of FeAl*. 

Acknowledgment is gratefully made to Mr. Clifford McMahon for 
bis assistance in the experimentation. 

DISCUSSION 

D. Hanson and M. L. V. Gatubb, Teddington, England (written 
discussion). — ^At the National Phs^sical Laboratory, the writers have 
made a number of researches on the relation between the constitution 
and mechanical properties of aluminum alloys of various types; the 
results obtained were in good general agreement with those of the authors. 
The writers, however, did not think that increasing the copper content of 
sand-cast low-copper duralumin to 4 per cent, necessarily caused a drop 
in the elongation to 1.5 per cent., as stated on page 872. In the case of 
sand-cast copper-aluminium alloys they had obtained much greater 
elongation, in some cases as great as 13 per cent, in heat-treated castings. 
For example, in a sand casting containing 3.5 per cent, of copper, a 
strength of 12 tons per square inch and an elongation of 13 per cent, were 
obtained; in a casting containing 4.5 per cent, copper, a tenrile strength of 
13 tons, and an elongation of 9 per cent, were obtained. These values 
were the maximum; the elongation varied considerably, being as low as 
5 per cent, in some cases. In the writers’ opinion, such variations are 
due more to unsoimdness in the sand casting than to any other cause. 

The authors’ alloy containing copper 2.5 per cent., magnesium 0.5 
per cent., iron 1.25 per cent., silicon 0.25 per cent., which gave the best 
combination of strength and ductility, is interesting because, according 
to the writers’ experiments, the amount of copper and MgsSi present in 
such an alloy corresponds closely to the limit of solid solubiUty at 
high temperatures. 

According to their experiments,^ the limits of solid solubility are 
reached with a composition of 2 per cent, copper, 0.56 per cent, 
magnesium, and 0.3 per cent, silicon; the iron content may be ignored as 
it has relatively littte effect on the solubility of the important constitu- 
ents copper and magnesium silicide. 

The writers agree with the suggestion that the physical properties are 
highly dependent on the composition of the alloys, quenching temper- 
ature, time at the quenching temperature, aging temperature, and time 
at the aging temperature, and their work on the constitution and mechan- 
ical properties of aluminum alloys completely confirms this view. 

’ M. L. V. Gayler: Alloys of Aluminium wil^ Copper, Magnesium and Silicon, 
JtU. Inst.Met. (1922) 28, 218. 
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The quenching temperature is determined by the composition of the 
alloy, as the maximum hardness and tensile strength depend on the 
relative amounts of MgsSi and CuAls that can be held in solid solution 
at high and low temperatures, respectively. 

The writers have shown in the case of the alloys of aluminum with 
copper,* with magnesium and silicon,* and with copper, magnesium and 
silicon,** that the amo\mt of age hardening of quenched alloys depends 
directly on the amoimt of MgsSi and CuAls that is retained in solution at 
the quenching temperature, and that the greatest aging effect is obtained 
by quenching from that temperature which produces a solid solution 
most supersaturated with respect to these constituents. 

The time at the quenching temperature, consequently, has a marked 
effect, for there is a definite period that must elapse before equilibrium is 
obtained and the solid solution becomes saturated at that temperature. 
According to the size of the casting and the coarseness of the structure, 
this is a matter of hours or days. The finer the structure of the casting, 
the less time is necessary for equilibrium to be attained. 

The aging temperature and time of agmg depend entirely on the 
composition of the alloy and must be determined specifically for each 
alloy, though a temperature can be determined that is roughly suitable 
for many alloys. The time of aging has a marked effect both on the 
tensile strength and the ductility. 

For each alloy there is an optimum aging temperature and an 
optimum time of aging at that temperature. If the time at this temper- 
ature is too prolonged, an increase of strength may be obtained but the 
ductility will be reduced. 

In this respect their experience confirms that of the authors. In 
the case of duralumin,** the writers foimd that the material definitely 
deteriorated at 167° C. on prolonged annealing. At 200° C., the critical 
aging period is less than 1 hr., and after 2 hr. at this temperature the 
elongation is seriously reduced. 

Annealing for 8 hr. at 200° C. reduced the elongation from 25 per cent, 
(as aged at room temperature) to 6 per cent., while the strength increased 
from 26 to 30 tons per sq. in. These tests were made on rolled material, 
but the results agree qualitatively with those obtained by the authors on 
cast material. 

* D. Hanson and M. L. V. Grayler: Heat Treatment and Mechanical Properties of 
Alloys of Aluminium with Small Percentages of Copper. Jrd. Inst. Met. (1023) 
SO, 495. 

* D. Hanson and M. L. V. Gayler: Constitution and Age Hardening of Alloys of 
Aluminium with Magnesium and Silicon. Jrd. Inst. Met. (1921) SS, 343. 

I* M. L. y. Gayler: Alloys of Aluminium with Copper, Magnesium and Silicon. 
Jrd. Inst. Met. (1922) 88, 220. 

M. L. V. Gayler: Alloys of Alu min ium with Copper, Magnesium and Silicon. 
Jrd. Inst. Met. (1922) S8, 226, 232. 
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The writers have made prolonged tests on a large number of aluminum 
alloys, in which specimens were maintained for periods up to eight weeks 
at various reheating temperatures. The only alloy that appeared to be 
stable at a temperature of 167® C. was that known as ‘‘ Y'' alloy, which 
contains 4 per cent, copper, 2 per cent, nickel, and 1)4 per cent, magne- 
sium; the hardness was unaffected by annealing for 8 weeks at temper- 
atures up to 167® C. after aging. In their experience, this alloy is the 
most stable of the high-tensile heat-treated aluminum alloys known. 

The writers agree with the authors’ views, expressed on page 876, that 
it is necessary to anneal for a sufficient period and dissolve as much as 
possible of the compound CuAla; this is not only necessary in the case of 
alloys that are subjected to quenching treatment, but may be of great 
advantage in simple annealing operations. The writers^* have shown that 
chill castings containing 4 to 5 per cent, copper can be greatly improved 
by annealing for two days at 500® C., followed by cooling in air. In their 
experience, the tensile strength of the chill casting was raised from 10 
tons per sq. in. to 15 tons by this treatment, the ductility being, at the 
same time, appreciably improved. 

Finally, the authors will find a complete accoimt of the constitution 
of alloys of the duralumin type in the published works of the present 
writers. They there show that the compounds Mg 2 Si and CuAl 2 are of 
the greatest importance in connection with the heat treatment of dura- 
lumin and similar alloys. The effects of these compoimds have been 
studied individually and collectively. One of the writers has determined 
the constitution of the quaternary system aluminium-copper-magnesium- 
silicon^* over a sufficiently wide range of composition and temperature to 
enable the behavior of duralumin on quenching to be understood, and has 
shown that the aging process depends on both the compoimds Mg 2 Si 
and CuAU. In so far as aging at room temperature is concerned, this 
effect is due largely to Mg 2 Si; to this extent the authors’ conclusion, on 
page 883, is correct. The effect of CuAU on aging at room temperature is 
smaller, but with prolonged annealing at higher temperatures this effect 
becomes considerable. The authors will also find in the account of this 
work the effects of excess of magnesium and copper on the constitution, 
age-hardening and mechanical tests of alloys of this type. 

Samuel Daniels (authors’ reply to discussion). — It has been 
questioned whether an increase in copper content caused a drop in the per- 

D. Hanson and M. L. V. Gayler: The Heat Treatment and Mechanical Proper- 
ties of Alloys of Aluminium with Small Percentages of Copper. JnL Inst. Met. 
(1923) 29 , 491. 

M. L. V. Gayler: The Constitution and Age-hardening of the Quaternary 
AIlo3rs of Aluminium, Copper, Magnesium and Magnesium-silicide. Jnl, Inst. 
Met. (1923)80,139. 
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centage of elongation; our reference was to the sand-cast and not to the 
heat-treated material. The authors are pleased to learn that the experi- 
mentation at the National Phs^sical Laboratory, with which they are 
familiar, was independently corroborated by their practical work on the 
heat treatment of the sand-cast alloys. 
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Scratch and Brinell Hardness of Severely Cold-rolled 

Metals 

By M. F. Foglbr,* Ph D., and E. J. Quinn,! Chicago, III. 

(New York Meeting, February, 1925) 

In a recent paper, Rawdon and Mutchler^ gave some exceptionally 
interesting results on the Brinell and scratch hardness of severely cold- 
worked metals. In their work, they found that, on continued cold roll- 
ing, the metal hardened up to a particular point and then reversed and 
became softer; this was true for both Brinell and scratch hardness values. 
The generally reported behavior^ of metals, with respect to Brinell tests 
on cold-worked material, is that the metals harden up to a certain point 
and then, on further cold rolling, no change in Brinell hardness occurs. 
Jeffries and Archer^ state that there is little difference between the 
scratch hardness of annealed and cold-worked metals; the work of Faust 
and Tammann^ also indicated no difference between the hardness of 
annealed and cold-worked copper. 

Rawdon and Mutchler found, when they plotted the reduction ratio 
(initial thickness divided by thickness after rolling) against the hardness 
value for the cold-rolled material, that the hardness number increased up 
to a reduction ratio of about 3 and then decreased and became even 
smaller than that for the annealed metal. This behavior was reported 
for both scratch and Brinell hardness; Figs. 1 and 2 show their results for 
Brinell hardness on the metals for which they published data. This is 
an exceptionally interesting phenomenon, if it occurs under all conditions 
of rolling, and would have an important bearing on the practice of cold 

* Metallurgical Engineer, Western Electric CJo. 

t Development Laboratories of Hawthorne Works of Western Electric Co. 

1 Henry S. Rawdon and Willard H. Mutchler: Effect of Severe Cold Working on 
Scratch and Brinell Hardness. Tram, (1924) 70, 342. 

* A. Portevin: La duret4 ^ la bille du cuivre et des laitons 4crouis. Rev, de Met, 
(1919) 16, 235. 

Jeffries and Robert S. Archer: The Properties of Cold-worked Metals. 
Chm. A Met, Eng, (1922) 27, 882. 

* Faust and Tammann: Ztechr, Physik, Chem, (1910) 76, 108. 
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rolling. We made an attempt to duplicate Rawdon^s results but have 
not been able to do so; the present paper records the results of 
our experiments.® 



Fig. 1. — Effect of bevebe cold bollino on habdnebs of commebcial copper. 



Fig. 2. — Effect of severe cold rolling on habdnebs of low-cabbon ingot iron. 

Copper Experiments 
Brinell Hardness 

A bar of half hard commercial copper 1 by by 12 in. was annealed 
at 450® C. for 1 hr. and allowed to cool in the furnace for 15 hr. ; the temper- 

‘ Since this paper was written, Mr, H. Moore in a paper presented before the fall 
meeting of the Institute of Metals in Ekigland, confirmed our conclusions as regards 
to the behavipr of metals on cold rolling. 
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ature at the time the bar was removed was 175° C. This treatment insures 
thorough annealing. A sample was cut off for the determination of the 
Brinell number of the annealed sample. As the bar was badly 
coated with oxide, the problem of removing this oxide without changing 
the hardness of the sample arose. The surface was prepared for Brinell 
impressions in four ways: (1) It was cleaned with nitric acid; (2) it was 
ground down with No. 1 emery paper; (3) it was lightly ground 
down with emery and polished; (4) it was ground down with from No. 1 to 
No. 0000 emery paper and highly polished with alumina. Table 1 gives 
the results from ten impressions on the various surfaces. A load of 5 kg. 
was used on the He-iQ- ball for 30 sec. These results, which show a dif- 
ference of over seven Brinell numbers, depending on the maimer of 
surfacing, indicate that care must be taken in preparing a surface for 
Brinell tests. They show that the surfaces that are least worked give the 
lowest Brinell number. It seems that acid or a light polish are the best 
for preparing surfaces, as they give the lowest Brinell number for 
annealed material. 

The remainder of the bar was rolled on water-cooled rolls. Samples 
were cut off at each second or third pass for hardness tests. The bar 
was cooled in water after each pass, in order to prevent the temperature 
from rising to the point where annealing takes place. Twenty-two 
samples were taken for hardness tests. 


Table 1. — Brinell Hardness of Annealed Copper Bar 


Surface Cleaned with HNOs 

Surface Ground 
Down with No. 1 
Emery Paper 

Surface Ground 
Down Lightly and 
PoUshed 

Surface Ground Down 
from No. 1-0000 and 
Highly Polished 

Diameter of 
Impressiont 
Mm. 

Brinell 

No. 

Diameter 
of Impres- 
non, Mm. 

Brinell 

No. 

Diameter 
of Impres- 
sion, Mm. 

Brinell 

No. 

Diameter 
, of Impres* 
sion. Mm. 

Brinell 

No. 

0.42 

35.1 

0.40 

38.5 

0.42 

35.1 

0.42 

35.1 

0.43 

33.4 

0.39 

40.9 

0.43 

33.4 

0.42 

35.1 

0.44 

31.8 

0.38 

43.3 

0.43 . 

33.4 

0.42 

35.1 

0.43 

33.4 

0.38 

43.3 

0.425 

34.2 

0.42 

35.1 

0.44 

31.8 

0.39 

40.9 

0.43 

33.4 

0.42 

35.1 

0.43 

33.4 

0.39 

40.9 

0.42 

35.1 

0.41 

36.9 

0.43 

33.4 

0.39 

40.9 

0.43 

33.4 

0.43 

33.4 

0.43 

33.4 

0.40 

38.5 

0.42 

35.1 

0.41 

36.9 

0.43 

33.4 

0.38 

43.3 

0.41 

36.9 

0.42 

35.1 

0.44 

31.8 

0.40 

38.5 

0.41 

36.9 

0.42 

35.1 

Average 

33.1 


40.9 


34.8 


35.3 


The Brinell numbers were determined on a Micro-Biinell machine 
with a He-hi' ball and 5-kg. load. The impresmons were measured at 
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100 diameteis and the results were given in Table 2; they are plotted in 
T 

Fig. 1. The value -j? is the reduction ratio, where To is the initial 
thickness and T the thickness after rolling. 


Table 2. — BrinM Hardness of Cold-roUed Copper Bar 


No. 

Thick- 

ness, 

Inches 

Reduc- 

tion, 

Inches 

Diameter of Impression, Mm. 

Average 

Diam- 

eter 

Mm. 

Brinell 

Num- 

ber 

Reduc- 

tion 

Ratio, 

To 

T 

1 

WM 


0.43 

0.43 

0.43 

m 

0.430 

33.4 

1.0 

2 

■uEifl 

0.184 

0.27 

0.28 

0.28 


0.277 

81.7 

1.22 

3 

0.729 

0.090 

0.26 

0.27 

0.27 

WS^ 

0.265 

87.2 

1.38 

4 

0.626 

0.103 

0.26 

0.25 

0.25 

0.26 

0.255 

95.5 

1.60 

5 

0.643 


0.25 

0.25 

0.25 

0.24 

0.247 

102.8 

1.85 

6 

0.470 

0.073 

0.24 

0.25 

0.24 

0.25 

0.245 

104.7 

2.14 

7 

0.403 

0.067 

0.25 

0.25 

0.24 

0.26 

0.247 

102.8 

2.49 

8 

0.337 

0.066 

0.25 

0.24 

0.24 

0.23 

0.240 

109.3 

2.98 

9 

0.292 

0.045 

0.24 

0.24 

0.24 

0.24 

0.240 

109.3 

3.54 

10 

0.248 

0.044 

0.24 

0.23 

0.23 

0.24 

0.235 

112.0 

4.04 

11 

0.216 

0.032 

0.24 

0.24 

0.24 

0.24 

0.240 

109.3 

4.65 

12 

0.197 

0.019 

0.24 

0.23 

0.24 

0.23 

0.235 

112.0 

5.10 

13 

0.164 

0.033 

0.24 

0.24 

0.24 

0.24 

0.240 

109.3 

6.12 

14 

0.125 

0.039 

0.24 

0.23 

0.24 

0.24 

0.237 

111.0 

8.00 

15 

0.096 

0.029 

0.24 

0.24 

0.24 

0.24 

0.240 

109.3 

10.60 

16 

0.069 

0.027 

0.24 

0.23 

0.23 

0.24 

0.235 

112.0 

14.50 

17 

0.044 

0.025 

0.24 

0.23 

0.23 

0.23 

0.232 i 

111.0 

22.8 

18 

0.027 

0.017 

0.23 

0.23 

0.23 

0.24 

0.232 

116.0 

37.2 

19 

0.017 

0.010 

0.24 

0.24 

0.23 

0.23 

0.235 

112.0 

59.0 

20 

0.012 

0.005 

0.24 

0.26 

0.26 

0.25 

0.252 

98.5 

83.5 

21 

0.009 

0.003 

0.26 

0.24 

0.24 

0.26 

0.250 

100.3 

111.0 

22 

0.008 

0.001 

0.26 

0.25 

0.25 

0.25 

0.252 

98.6 

125.0 


Scratch Hardness 

The scratch hardness of these samples was taken on a machine 
essentially Uke that described by Hankins.^ The results for scratch 
hardness in the direction of the rolling are given in Table 3; a load of 100 
gm. was used. Cross scratch hardness showed no consistent difference. 

* G. A. Hankins: Belation Between Width of Scratch and Load on Diamond in 
Scratch Hardness Test. Engineering (1923) 116, 637. 
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Table 3. — Scratch Hardness of Cold-roUed Copper 


No. 

Width of Soratoh, 
X600 

Averace, 

X600 

Width, 

Mm. 

No. 

Width of Scratch, 
X500 

B 

Width, 

Mm. 

1 

8 

8 

8.0 

0.016 

12 

7 

6 

6.5 


2 

8 

7 

7.5 

0.015 

13 

7 

6 

6.5 


3 

6 


6.5 

0.013 

14 

6 

7 

6.5 


4 

6 

mm 

6.5 

0.013 

15 

6 

6 

6.0 

0.012 

5 

7 

6 

6.5 

0.013 

16 

6 

6 

6.0 


6 

6 

7 

6.5 

0.013 

17 

7 

7 

7.0 

0.012 

7 

6 

6 

6.0 

0.012 

18 

6 

6 

6.0 


8 

6 

6 

6.0 i 

0.012 

19 

7 


7.0 


9 

6 

6 

6.0 

0.012 

20 

6 


6.0 


10 

6 

6 

6.0 

0.012 

21 

6 

6 

6.0 


11 

6 

6 

6.0 

0.012 

22 

6 

6 

6.0 



Iron Experiments 

A low-carbon ingot iron bar 0.4 in. by 1 by 12 in. was annealed at 
800® C. for 1 hr. and allowed to cool slowly over night. The bar was then 
worked and sampled in a manner analogous to that for copper. The 
results are given in Table 4 and plotted in Fig. 2. A load of 15 kg. was 
used for these Brinell numbers instead of 5 kg. 


Table 4. — Brinell Hardness of Cold-rolled Low-carhon Iron 


j 

No. 

Thick- 

ness, 

Inches 

Reduc- 

tion, 

Inches 

Diameter of Impression, Mm. 

AveraKC 

Diam- 

eter, 

Mm. 

Brinell 

Num- 

ber 

Reduc- 

tion 

Ratio, 

To 

T 

1 

0.406 


0.62 

0.52 

0.52 

0.52 

0.520 

68.6 

1.0 

2 

0.386 

0.020 

0.42 

0.42 

0.42 

0.41 

0.417 

106.7 

1.05 

3 

0.343 

0.043 

0.37 

0.37 

0.37 

0.38 

0.377 

135.3 

1.23 

4 

0.299 

0.044 

0.36 

0.37 

0.36 

0.36 

0.363 

143.4 

1.35 

5 

0.275 

0.024 

0,36 

0.35 

0.36 

0.35 

0.355 

150.0 

1.47 

6 

0.253 

0.022 

0.34 

0.35 

0.35 

0.34 

0.345 

158.3 

1.6 

7 

0.231 

0.022 

0.34 

0.34 

0.35 

0.35 

0.345 

158.3 

1.76 

8 

0.199 

0.032 

0.34 

0.34 

0.34 

0.34 

0.343 

160.0 

2.04 

9 

0.167 

0.032 

0.35 

0.33 

0.35 

0.36 

0.345 

158.3 

2.43 

10 

0.134 

0.033 

0.33 

0,33 

0.33 

0.33 

0.330 

172.0 

3.00 

11 

0.100 

0.026 

0.33 

0.32 

0.31 

0.31 

0.317 

185.5 

4.06 

12 

0.067 

0.033 

0.31 

0.31 

0.30 

0.31 

0.3075 

197.6 

6.0 

13 

0.048 

0.019 

0.28 

0.29 

0.30 

0.29 

0.290 

224.0 

8.45 

14 

0.027 

0.021 

0.29 

0.28 

0.28 

0.29 

0.285 

232.0 

16.0 

15 

0.023 

0.004 

0.28 

0.28 

0.29 

0.28 

0.2825 

235.5 

17.6 

16 

0.020 

0.003 

0.30 

0.28 

0.28 

0.30 

0.290 

224.0 

20.3 

17 

0.017 

0.003 

0.31 

0.30 

0.30 

0.31 

0.305 

200.0 

24.0 

18 

0.014 

0.003 

0.30 

0.29 

1 0.30 

i 

0.29 

0.295 

215.0 

29.0 
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HABDNSSS OF SEVEBBLT COLD-KOLLED METALS 


Discussiok op Results 

The Brinell results for both copper and iron show an increase in 
hardness on cold rolling, up to a certain point when the Brinell number 
becomes constant. The only place where a slight decrease is indicated 
is in the thiimest samples. A dose examination of these samples will 
show that a sharp Brinell impression is not obtained, but all of the 
metal in the vicinity gives a little, thus giAung a dent rather than a 
sharply outlined Brinell impression. This tends to give a larger appar- 
ent diameter of the impression and thus a lower Brinell number. The 
data for scratch hardness indicate that on cold work the scratch hardness 
increases slightly up to a certain point then remains constant, although this 
increase in hardness is not of the same magnitude as that of the Brinell. 

These results indicate that a reversal of hardness, as found by Raw- 
don and Mutchler, does not occur under all conditions of commercial 
rolling practice; and in view of the fact that previous investigators have 
not found such a reversal, it seems not improbable that it might be char- 
acteristic of the particular roUing conditions prevailing in Rawdon 
and Mutchler’s experiments. It should be noted that the Brinell 
hardness given for annealed copper by Rawdon was much higher than 
that usually given, even with a load of 500 kg. on a 10-mm. ball and is 
very much higher than the value we find. Doctor Rawdon'^ has suggested 
that the difference between our results and his may be due to a difference 
of rate of deformation. 

Our thanks are due to Mr. R. S. Dean under whose general supervision 
this work was carried out. 


DISCUSSION 

H. S. Rawdon, ♦ Washington, D. C. — We had the privilege of looking 
over the data just given before they were published and we were not able 
to suggest any convincing reason for the differences that were secured 
here as compared with those that were reported by us a year ago. How- 
ever, in the meantime (t. e., since the presentation a year ago), we have 
done considerable work along the same line and have not secured results 
that would lead us to change the conclusions that we reached and 
reported. The only suggestion that I would offer is that the rate or 
mode of deformation probably has something to do with the results that 
are obtained in work of this kind. Theoretically, there should be no 
reason for belief that a metal will continue to harden indefinitely as it is 
rolled thinner and thinner. As the metal becomes very thin, it 
approaches the structure of a single crystal, as has been shown by x- 


* Physicist, Bureau of Standards. 
’ Personal communication. 
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ray studies of the crystal structure, and we have every reason to believe 
that the hardness of a single crystal is not so great as the hardness of the 
aggregate of crystals of the same material. 

Recently we had an experience that strengthened our belief that the 
rate and method of rolling do affect the properties obtained in the thin- 
rolled stock. I am not at liberty to describe the method used in making 
this material. This metal (a roll of thin strip steel 2 in. wide, several 
feet long, and less than 0.003 in. thick, was exhibited by the speaker) was 
rolled, without any annealing whatever, from a thickness of 0.080 in. 
to less than 0.003 in. This metal will withstand quite severe deforma- 
tion. Bending it back and forth shows that there is considerable ductility 
even after it has been rolled down to 0.003 in. It is not at all like hard- 
rolled strip steel, but will withstand being hammered flat upon itself and 
has every indication of being softer ’’ than ordinary cold-rolled steel of 
the same thickness. 

Carl Benedicks,* Stockholm, Sweden. — Is there any difference as 
to the time factor? If in the determinations carried out by Rawdon a 
considerably longer time is used, probably the severely reduced metal can 
adapt itself more slowly under the stress of the Brinell test than if the 
time alone is shorter. We know very little about any considerable 
influence of the time factor, but it seems to be an item that might have 
some influence on this problem. 

H. S. Rawdon. — The question of time was considered in the work, 
particularly with some of the softer metals, and we made the test of 
hardness in those cases directly after rolling. We also made it on the 
same material after it had stood for a week or so, but we did not get 
differences that seemed to be significant. In the case of copper and iron, 
the tests were made a few days or a week after rolling. 

M. F. FoGLER,t Chicago, 111. — In the case of the copper, we measured 
the Brinell number as soon after the rolling as possible and also several 
months later, and we foimd no change in the Brinell number over that 
length of time. 

Alvin L. Davis, J Waterbury, Conn. — In the case of the metals 
reported on a year ago, were not the reductions very much less individu- 
ally than in the case of those reported to us this morning? Were there 
not, perhaps, ten passes through the rolls to perform what was done in 
one or two in the more recent work? 


* Director, Metallographic Institute of Stockholm, 
t Metallurgical Engineer, Western Electric Co. 

} Director of Research, Scovill Mfg. Co. 
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H. S. Kawdon. — The work was on an entirely different scale. The 
work we did was on small specimens with hand rolls; this recent work 
was on a larger scale, using good-sized commercial rolls. I have not 
compared them as to the exact reductions per pass, but I think oiu* 
reductions were considerably less than those shown in this later work. 
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Redistillation of Zinc 

Bt Kttbt Stock,* Fish Cheek, Wis. 

(New York Meeting, February, 1925} 


The grades of spelter demanded by the consuming industries were not 
definitely established imtil the American Society for Testing Materials 
undertook to fix specifications, based on the varying percentages of the 
common impurities (lead, iron, and cadmium) as follows: 

Totai^ Not 

Lead, Ibon, Cadmium, Over. Per 

Per Cent. Per Cent. Per Cent. Cent. 


A. High grade 0.07 0.03 0.06 0.10 

B. Intermediate 0.20 0.03 0.50 0.50 

C. Brass special 0.75 0.04 0.75 1.20 

D. Prime western 1.50 0.08 


The question which grade was the best for certain purposes and why 
was left unanswered. The conservatism of the zinc-smelting industry 
and the unwillingness of the spelter-consuming industries to engage in 
research work prevented the full benefits being obtained that such stand- 
ardization promised. The custom smelters, producing spelter in pigs or 
plates, found it impossible to adhere closely to the established limits on 
account of the variety of ores treated; and the smelters with long- 
established and known brands, or those manufacturing their metal into 
marketable products, like sheet zinc, did not have to abide by the newly 
established grades based on chemical percentages. 

Smelters engaged in the smelting of custom ores had occasional com- 
plaints about the qilality of their metal, as some of the consumers, 
especially brassmakers and some galvanizers, used the rigid standards of 
the A. S. T. M. as a basis for obtaining redress from zinc smelters when- 
ever some of their work was faulty. Indirectly, much good resulted from 
such complaints; for while the brassmakers and galvanizers, on the whole, 
did not know what was wrong, the metallurgists in charge of zinc smelters 
were induced to abandon their conservatism and study the influence 
of impurities in spelter from the point of view of the consumer. For 
some of us, spelter gradually ceased to be considered merely spelter; it 

* Formerly Superintendeat, Bartlesville 23ao Co., Bartlesville, Okla. 

rolu 1330.-57 
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was recognized as an alloy of zinc, lead. iron, and cadmium. More atten- 
tion was paid to the mixing of ores, to obtain metal of a certain composi- 
tion, and valuable, although sometimes quite perplexing, results were 
frequently reached. 

The greatest impetus to this study was given by the war, when the 
demand for brass for munitions reached unprecedented dimensions and 
the bidding and counterbidding for high-grade zinc, which was not in 
existence, caused the price of this grade to soar. Smelting companies 
that had not relied on the fame of their brand and had been forced to 
investigate the qualities of their changing spelter, resulting from con- 
stantly changing ores, were in a commanding position and ready to go 
ahead in proving the results of their research work. The Bartlesville 
Zinc Co., of the American Metal Co., was in such a position, and was 
the hrst to enter the field of producing highest grade zinc from common 
and impure ores. Electrolytic zinc, at that time, was in its infancy and 
of little consequence. 

It will lead us too far afield to describe here the many proposals for 
controlling the impurities that enter the spelter in the smelting process 
but we must mention why and how spelter is thus contaminated. 

Spblteb Impurities 
Lead 

Any zinc blende carrying 3 per cent, of lead will yield a metal of the 
prime western quality; even the first draw will not reach the quality of 
brass special. An increase in the lead content of the ore, say not more 
than 8 or 9 per cent., wiU only slightly raise the lead content of the 
spelter, and never in the proportion of the increase of lead in the ore. 

Carbonate ores behave in the same manner, only generally the lead 
will be found to distill more freely than in roasted zinc blende. Zinc 
silicate ores are of little consequence to the custom smelter and need not 
be discussed here. 

Lead is actually volatilized and condensed, although its boiling 
temperature lies between 1450° and 1600“ or 1800° C., according to differ- 
ent authorities ;z.e,, considerably beyond any temperatures reached inside 
the zinc retorts. The fact that with most leady zinc ores the percentage 
of the lead in the spelter is lowest in the first draw, and increases with the 
succeeding draws, seems sufiSicient proof that the smelting temperature 
controls this impurity. However, in his search for pure ores, the author 
has several times found a concentration of lead in the first draw, and has 
obtained a second-draw metal of greatly better quality. Such con- 
tradictory results point to the fact that the physical conditions of the lead 
and zinc in the ore have a greater influence on rates of recovery during the 
distillation process than is commonly realized. 
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Iron 

Iron enters the distilled metal from two sources: contact of the spelter 
with iron tools and molds, which are the more readily attacked the hotter 
the spelter is; and solution of reduced (metallic) iron, contained in the 
charge, by the zinc standing in the condenser. The type of condenser 
commonly used in America is to blame for this unnecessary contamination 
as the molten zinc in the condenser rests against the ore charge and causes 
an intimate mixing, whenever the metal drawer removes the zinc by 
means of the well-known “scratching.” In European practice, the con- 
denser is formed with a clay bridge at the back, which separates the 
distilled zinc from the ore charge; but this condenser requires more care- 
ful furnace work in its setting up and learning, and is a little more incon- 
venient in drawing metal. Iron can be kept out of spelter almost entirely, 
if the precautions are taken that suggest themselves to the zinc metal- 
lui^st from this description of the causes of its presence. 

Cadmium 

A few zinc mines produce ores practically free from cadmium, but 
most of the ores available to the custom smelter carry this impurity 
in varying proportions, generally less than 0.2 per cent. Cadmium 
behaves very much like zinc and distills freely. Its boiling point (given 
by different authorities at from 720° to 860° C.) and the boiling point of 
zinc (given at from 890° to 1040° C.) are too close together to allow an 
even approximately quantitative separation in the distilling process. 

Schnabel states “when zinc blende is roasted, a great part of its 
cadmium content is lost by volatilization. Thus a blende from Silesia 
contained 0.11 per cent, of cadmium before roasting and 0.042 per cent, 
after.” With different types of roasters, different results will be 
obtained; but any blende will have its cadmiiun content reduced during 
the roasting process. 

The slow increase in temperature during the retorting process allows 
advantage to be taken of the difference in the boiling points of cadmium 
and zinc and leads to a concentration of cadmium in the first-draw metal. 
The second-draw carries much less cadmium, and the third-draw hardly 
any. The retort residues, however, retain traces of this metal, showing 
that a complete elimination of this volatile element is practically impos- 
sible under retort smelting conditions. 

Many proposals have been made for the removal of cadmium from 
zinc ores before roasting, during roasting, and before smelting, but 
they are all uneconomical or impractical, considering the large mnounts 
of zinc, so very similar in its reactions, in the presence of such minute 
quantities of cadmiiun as are found in the average zinc ore. 
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Analyses of Sfbltbb 


Some characteristic analyses of the several grades of spelter produced 
from different ores may prove interesting; only average figures are 
submitted. 



Lead, 

Pbb Cent. 

Ibon, 

Peb Cent. 

Cadmium, 
Peb Cent. 

Montana sulfides, concentrates 

3.32 

3.02 

0.170 

First-draw spelter 

0.76 

0.012 

0.105 

Second-draw spelter 

1.65 

0.022 

0.041 

Third-draw spelter 

2.76 

0.046 

0.020 

Ck)lorado sulfides, concentrates 



0.163 

Colorado, carbonates, crude 

Both ores mixed for smelting and fired very 



0.124 

slowly 

First-draw spelter 

0.60 

0.035 

0.560 

Second-draw spelter 

1.20 

0.080 

0.200 

Third-draw spelter 

2.50 

0.265 

0.090 

Australian sulfides, concentrates 



0.180 

First-draw spelter 

1.15 

0.011 

0.179 

Second-draw spdter 

1.92 

0.024 

0.070 

Third-draw spelter 

2.50 

0.103 

0.027 

Arizona sulfides, concentrates 1 . j • j 

, . . [roasted mixed. 

Mexican sulfides, concentrates J 



0.171 

First-draw spdter 

0.920 

0.020 

0.220 

Second-draw spelter 

1.515 

0.046 

0.083 

Third-draw spelter 

2.74 

0.100 

0.059 


In the practice of the Mid-Continent zinc smelters, the three draws 
represent approximately the following percentages of the metal pro- 
duced: First-draw, 36 to 38 per cent.; second-draw, 50 to 55 per cent.; 
third-draw, 9 to 12 per cent. 

Sfbltbb Redistillation 

When deciding on the best, quickest, and cheapest method of pro- 
ducing high-grade spelter in large quantities from custom ores, which the 
Bartlesville Zinc Co. was obliged to smelt under its contracts, the method 
of redistilling common spelter was tried. At different times and 
places, redistilling has been practiced, but always on a small scale and 
nearly always to recover zinc from scrap alloys. We believed that the 
redistillation of virgin spelter would be a much simpler operation, so the 
company constructed four full-size, double furnace blocks at Bartles- 
ville, later trebling this capacity by erecting like furnaces at its other Okla- 
homa plants. Preliminary tests were made in December, 1914, and 
by January, 1915, detailed plans were ready for execution. 

The redistilling plant was located on a level piece of ground between 
the main smelter and the Lanyon-Starr branch, and a considerable dis- 
tance from the furnaces and other buildings of either smelter. The 
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refining furnaces were housed in the type of building usual in tire Mid- 
Continent gas field, but more room was provided all around the furnaces, 
to obtain better ventilation and greater convenience in workiz^. The 
buildings, Fig. 1, were arranged end to end, with fan house and retort 



temper oven between them; each building contained two blocks of 
furnaces, also end to end. The stacks were between the blocks, each 
stack serving two furnaces, being divided verticaQy by a bafiie wall about 
20 ft. h^h. The settling tanks and the metal storage house were to one 
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sicto, j<wed to the furnaces by industrial tracks. Railroad loading plat- 
forms were at the far end of the storage house. 

Thp regular crew of men consisted of: 1 foreman; 6 firemen, in 8-hr. 
riiifts; 24 metal drawers, in 8-hr. shifts; 16 chargers and retort changers; 
2 men breaking sticks and loadii^ charge trucks; 1 man cleaning up and 
painting spelter molds. During hot weather, quite a few extra men were 
required and the labor turnover was enormous, especially during 1915 
and 1916. Later, these conditions improved somewhat. 



Fio. 2. — CsoBS-SEcnoN of befinikq rvRNACii AT Babtlesviixe Zinc Co. 


All material needed by the refinery, like green retorts, condensers, 
fireclay, coke and coal, as well as all products removed from the refinery, 
as metal, oxides, discarded retorts and condensers, were handled by the 
regular smelter crews attending to similar work for the ore furnaces. 

The type of furnace usual in the natural-gas belt was selected, retorts 
of extra heavy thickness were made, and condensers with “bridges” at 
the large end were prepared. The back shelves on which the retorts rest 
were so located that the pitch of the retorts was opposite to that used in 
the ore-maelring furnaces. Fig. 2 shows these points clearly. 

The ore furnaces of the natund-gas belt are, in effect, merely a double 
horizontal flue, with retorts placed at right an^es to tiie Imt^ of tius 
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flue, the gas (mixed with ur under pressure burning in jets e-Tnr mg the 
retorts) finding its way up the arched roof and down the flue to the end 
of the block, where it escapes at an incandescent heat through short 
chimneys. The retorts are inclined forward, so as to make chai^ng and 
discharging of the ore mixed with reduction fuel easier, and to prevent 
the condensed zinc from nmning back. In newly built ore furnaces, the 
back of the retort is from 6 to 8 in. higher than the mouth. The con- 
denser, wide open at both ends, is loamed to the retort by finely ground 
coking coal, mixed with small amounts of inferior clay. The mouth of the 
condenser is ordinarily stuffed with a loose moistened mixture of ground 
coal and screened skimmings or other zinkiferous sweepings or bypr^ucts. 

For the redistilling operations, the retorts were of the HamA outside 
dimensions as those used in ore smelting, namely 51 in. long by 11 in. in 
diameter. The inside dimensions were 48 by 8 in., which meant a 3-in. 


Fig. 3. — Construction op stick mold. 



thickness for the butt and in. for the side walls. The butt of the 
retorts was placed 6 in. lower than the mouth and, at that pitch, the 
capacity for molten metal was about 170 lb. for each retort. Later, it 
was found that, in spite of extra deep and heavy foundations under the 
center walls, an appreciable settling had taken place as a result of the 
back thrust of so many tons of metal, so that the final backward pitch 
was about 9 in.; the holding capacity for molten metal was thus greatly 
increased, which prbved an advantage. The retorts were tempered and 
inserted hot, as in the ore practice. 

The condensers were provided with a clay bridge, which closed 
somewhat more than one-half of the opening at the wide end. They 
were carefully attached to the retort mouth and loamed with fireclay 
ironed smooth with a hot, half-moon stamper. Ckintrary to the ore 
smelting method, where the condensers are removed every 24 hr., the 
refinery condensers remained undisturbed until they broke or choked up. 
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oommon spelter produced by the ore furnaces and intended for 
redistiUation was not cast into the usual flat molds or pigs, but into sticks, 
wmc^iing about 5 lb. A special cast-iron mold. Figs. 3 and 4, was 
inepared, in which ten sticks were made at one pouring. These sticks 
were stacked on special chaige trucks, Fig. 5, and kept near the ends of 
the redistilling furnaces for one day, so that they would be entirely dry 
and would not cause steam explosons when put into the distilling 
retorts. 

The molds, Fig. 6, receiving the redistilled metal were furnished with 
a small “pouring cup,” from which the metal overflowed gently into the 



Fig. 4. — Stick Moia> and spelteb sticks. 


mold proper and required no skimming. The appearance of the finished 
zinc was greatly enhanced by this method; the brand was sharp and clear, 
the top of the plates smooth, beautifully crystallized, without discolor- 
ation, and free from inclusions of dust or particles of Hkimminga The 
molds were cleaned daUy and pmnted with a mixture of graphite and 
kerosene; the zinc did not absorb any iron from the mold whatever. 

The refinery furnaces were at first operated by natural draft. Near 
each gas burner was an air hole which could be adjusted in size to meet the 
varying r^uirements of heat. Very soon, however, we installed the usual 
pressure air system because with every increase in wages the men became 
more unwilling to attend to the di^tly more complicated regulation of a 
natural-draft furnace. 

The method of operating was as follows: Starting with new retorts 
a “charge scoop” of ^e coke (about 6 lb.) was spread over bottom of 
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the retort; 150 lb. <rf sine, in sticks or dabs, was carefully put in; anoti^r 
scoop of coke added; and the condenser quickly installed, loamed on and 



Fig. 5. — High-side charge truck for stick metal. 


stuffed with finely ground semianthracite. As this work proceeded, 
each charged section was immediately given an increase in gas, so that 



Fia. 6. — SraiiTBR HOLD WITH POTTBIKQ CUP. 


by the end of charging the chilling caused by the introduction of the cold 
metal was largely overcome. As soon as distillation began, the firing 
was reduced and then kept steady for the rest of the 24-hr. peri^. 
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The ehaigiiig ctf going retorts was accomplished by the use of a special 
tool, a semicircular troi^ attached to a curved handle and provided with 
a stop. The far end of the trough rested on the condenser bridge, the 
stop against the condenser mouth. A stick of spelter was idaced on this 
chaigiiig tool and thein pushed into the retort by a second stick; this, in 
turn, was pushed in by a third, etc., until the required amount was 
charged. The production of redistilled metal plus the zinc contained in 
the day’s gtimmingii plus the known furnace loss determined the amount 
of sine to be replaced, so that every retort held at all times practically 
the same amount of crude spelter. 

Metal was drawn ax times, in 4-hr. intervals, and each draw from 
each cS the dght furnaces was piled separately. Every fourth plate was 
drilled for samples and, after the results of the chemical analyses were 
known, the different small piles of spelter were combined, in carload lots, 
in such a manner that each completed lot held practically uniform 
material, with only insignificant variations in lead, iron, and cadmium. 


Specifications 


Previous to this country’s .entry into the war, specifications for 
requirements of spelter, especially by the allied nations, varied widely and 
showed no reference whatever to the grades established by the American 
Society for Testing Materials. Domestic makers of brass for ammunition 
purposes required, broadly speaking, spelter with 0.15 per cent, lead and 
iron combined. France purchased metal on the basis of the 
following specifications: 


Lbad, Ibon, CADirnm, MnminM Zinc, 

Gbasn Fbb Cbnt. Pbb Cbnt. Pbb Cbnt. Pbb Cbht, 

1 O.Oa 0.02-0.03 0.20 99.75 

2 0.38 0.025 0.10 99.50 

3 0.20 0.01 0.40 99 40 

4 0.30 0.03 0.42 99.25 

5 0.70 0.05 0.20-0.25 99.05-99.00 

« 1.42 0.08 98.50 

Silver Star 0.15 0.03 0.07 99.75 


These limits, however, were not always strictly adhered to, either 
because insufiScient tonnage was forthcoming or because it was found that 
such strict differentiation was not really necessary Frequently, two of 
the grades were combined, as, for instance, 2 and 4, which allowed the 
spelter manufacturer sufficient leeway to increase his deliveries. In 
this combination, the higher lead allowance of grade 2 was combined with 
the hi|^er cad mium specification of grade 4, and absolute uniformity 
within these quite sufficiently narrow limits was sacrificed by the buyer. 
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The English Government purchased pracUcally cmly two grades, 
prime western and a 90.9 per cent, zinc plus cadmium quality. The 
latter specification is of especial interest, as it showed that t^ “cadmium 
myth" had no terrors for this government. The most particular cus- 
tomer was the Imperial Russian Government, who bot^t practically only 
one grade, 99.9 per cent, pure zinc. Enormous tonnages of this metal 
were shipped by us, but its production required espedal treatment and 
preparation. The Italian Government adhered generally to the French 
standards. After its declaration of war, the United States Government 
published specifications as follows: 


Navt Dbpabtuznt unsbb Datb or Jxmz 1, 1917 


Lsaa, Imoxr, Cadmium, Zinc, 

Gbadb Pn Ckmt. Psb Cxmt. Psb Cbnt. Pxb Cbot 

A 0.07 0.03 0.05 99.86 

B... 0.20 0.03 0.60 99.36 

C 1.00 0.08 0.75 98.00 

Wab Department under Date of July 31, 1917 

A 0.10 0.03 0.50 99.60 

B 0.25 0.03 0.50 99.35 

C 1.00 0.08 0.76 98.00 


Practically none but grade A was demanded; and as the supply proved 
insufiicient the government, in March, 1918, modified its specifications 
for this grade for both departments to 0.10 to 0.12 per cent, lead, 0.02 per 
cent, iron, 0.50 per cent, cadmium. 

Long before the specifications of the allied governments and the 
American cartridge brass manufacturers crystallized in the grades just 
mentioned, redistilling operations of this company were in full swing. 
The writer had always appreciated the fact that spelter produced from 
western ores was uneven from day to day, and even in different sections 
of each furnace on any one day; but these differences were small and it 
was bdieved could be controlled to some extent. However, this matter 
was aggravated by the deterioration in qiiality of most of the ores, eatised 
by the constantly rising prices of spelter with its great profits to the 
mines. No ore contracts had provided for such unforseen and unex- 
pected metal prices, or such increase in the cost of mining and smelting, 
as a result of Ugh wages, high cost of supplies, and general inefficiency of 
labor. In some cases, adjustments of contract oonditiom between 
smelter and mine were made, but not in all. The tendency to “hog" the 
profits was quite general all around, and its most disastrous first conse- 
quence was the output of inferior grades of concentrates, with a con- 
stantly declining tenor of zinc, which in extreme oases led to the shipinng 
of enormous tonnages of crude ore. Custom smelters were deluged witii 
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imdeoral:^ grades of ore and recoveries began to drop, as there was no 
time to make the necessary tests for handling such constantly depreciating 
and changing raw material. 

The work of grading the spelter output of the ore furnaces, so as to 
provide a fairly unif orm quality of sticks for redistillation, became more 
and more difficult, and quickly led to the proper solution of this trouble. 

Settling Tanks 

Two large settling tanks, Fig. 7, were constructed, the purpose of 
which was to equalize in quality all crude spelter destined for reffistilla- 
tion. The writer had had experience with the small, coal-fired German 
t3q)e of settling tank, and knew that its inherent drawbacks could be 
largely overcome. As the lessons of the war demands have taught the 
consumers of spelter the advant^es of uniformity in chemical composi- 
tion, hereafter more emphasis will be laid upon this point. 

Crude spelter is slowly melted under a reducing fiame on the high 
shelf of a pocket-shaped deep tank. The excess lead and iron liquate 
and collect in the bottom of the tank according to their specific gravities, 
and a uniform zinc stays on top, which is then tapped off. The amount of 
iron and lead held in solution in molten zinc, varies with the temperature — 
justabove the melting point of zinc it is saturated with about 0.6 per cent, 
of lead; when the bath is heated to a point where casting is possible, this 
content will increase to about 0.9 to 1.1 per cent. As experiment had 
shown that the lead or iron content of the spelter used in redistillation was 
of comparatively minor importance, but that uniformity of the metal 
charged was necessary to the successful output of large quantities of high- 
grade zinc, these settling tanks fulfilled their purpose admirably. 

In small tanks, the floor is usually tamped fireclay and the settled 
metal is ladled out from a separate well connected by a narrow channel 
with the main chamber. In these large tanks, the floor was built of 
several superimposed layers of matched and closely laid firebrick, the 
top layer forming an inverted arch, safely anchored in the side walls. At 
the dischai^ end, a large tile was built in; this was provided with a nar- 
row deep notch, ending in a troughlike projection. The tanka were 
encased in sheet steel up to the level of the metal bath, preventing out- 
breaks of metal or leak^ through the firebrick; they were provided with 
heavy rail buckstays all around, as well as on top and bottom. Both 
tanka were erected on one solid concrete slab and set with the bottom 
buckstays on a number of parallel rails, permitting the tanks to move 
fredy witii expansion or contraction; also air could circulate unhindered 
beneatii the tanks. The products of combustion were removed through 
small ouitets in the arches near the front end, by means of a horizontal 
flue ocnmeeting both tanks. From the middle of this flue rose a short 
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stack through the roof of the building. Removable platforms were 
erected all around and between the two tanks, at a height convenient 
for all furnace work; about one-third of the tanks were below these 
platforms, which safeguarded the crew in case the metal should break 
out below. 

To tap, a little of the fireclay filling the notch was scratched off and 
the molten zinc run into a large, clay-lined ladle, the broad spout of which 
rested under the trough projection.. The ladle, holding about 5001b. of 



Fig. 8. — ^Back view of two settling tanks. Trucks with crude spelter 

INTENDED FOB TREATMENT ON ELEVATED WORKING PLATFORM. TwO SMALL GAS 
BURNERS ABE SHOWN, ONE ON BACH SIDE OF CHARGING DOOR. ThE BURNERS ALONG 
THE SIDES OF THE TANKS WERE NOT USED AFTER THE FIRST TRIAL. 1n THE CENTER 
BACKGROUND, THE SMOKE FLUB CONNECTING BOTH TANKS IS VISIBLE; THE SHORT 
STACK WAS ERECTED IN THE MIDDLE OF THIS FLUE. 


spelter, was suspended from a differential chain hoist, which traveled 
on a monorail overhead. A row of stick molds was in front of each 
settling tank, with arrimgements for tipping the molds forward and away 
from the operator’s platform. On the other side of the mold stand, and 
on a lower level, were narrow-gi^e tracks, on which the spelter trucks. 
Fig. 5, moved. The cooled sticks were dumped directly on to these 
trucks, run over a scale, and taken to the redistilling blocks. 

The settling tanks were a success in every way; gas consumption was 
unexpectedly low because of the insulation of the heavy side walls and 
double arcii^. The metal bath was skimmed only once in two weeks, and 
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the wkimmitig a wete smelted in the ore furnaces. Lead was removed 
every 4 to 6 months, depending on the lead content of the crude spdter 
charged; this lead found a ready market, being pure enough for the trade. 
The mushy iron-zinc alloy, which separated the lead from the zinc, was 
removed by means of a large, long-handled, perforated scoop, molded 
into plates, and refined in the redistilling furnaces, yielding highrquality 
spelter and a residue of lead and iron that was salable to lead smelters. 



Fiq. 9. — Spbltkb draw car. Rbfikbrt furnace showing the central 

JOINT STACKS, BELONGING TO FOUR FURNACES. ThESE STACKS HAD INSIDB BAFFLE 
WALLS UP TO A HEIGHT OF 20 FT., TO PRETENT INTERFERENCE IN DRAFT. 


The capacity of the tanks was about 1,500,000 lb. of crude spelter per 
month with a metal loss of 0.4 per cent. One man per 8-hr. shift 
attended to both tanks, drawing each one every hour, and charging 
immediately after drawing the same number of plates that were taken out. 
It was easy and inexpendve to dead-fire the settling tanks, if this was 
desired for any reason; a sample of zinc removed after a ten da 3 rs dead- 
fire, showed the imusually low lead content of 0.500 per cent. Such metal 
was, of course, too cool for tapping and molding. 

As soon as the settling tanks were in operation, the redistilling 
furnaces produced uniform* ^md reliable metal. Althou^ each one of 
the six daily draws was a little different ip composition, it was like the 
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conesponding draw of the next day and so on. T 3 rpical anal 3 rBes of that 
period are as follows: 



FiQ. 10. — A COMPLETE COLLECTION OF BEFINEBT TOOLS,' THE LAST ONE ON THE 
BIGHT IB THE STICK CHABOINQ TOOL. 


Each draw from each furnace was kept by itself and marked, and the 
analyses entered into a stock book, from which the carload lots were 
later determined, so that each shipment was of great uniformity of 
absolutely known composition. 


Methods of Controlling Cadmidh 

As the demand for the hipest grade, 99.9 per cent, pure zinc, contin- 
ued to increase and as only occasional draws were of that q uali ty, it was 



KURT STOCK 


913 


decided to resort to double redistillation. Lead and iron could be con* 
trolled easily; a slow heat in the distillation furnaces yielded spelter of 
0.050 per cent, lead and 0.004 per cent, iron, but the cadmium gave trouble. 
Tests with different temperatures proved that this element could be 
quickly gotten rid of, if sufficient heat was used, but that it was removed 
with difficulty if, for the sake of low lead, a low heat was employed. The 
analyses shown here are typical of such experiments; the crude spelter 
used was the first draw from high-grade Joplin ores and had not 
been settled. 

Quick, sharp firing: 

First draw, per cent;, cadmium 0. 151 burned off) 

Second draw, per cent, cadmium 0.013 

Third draw, per cent, cadmium trace 

Slow, moderate firing: 


First draw, per cent, cadmium 0 . 440 

Second draw, per cent, cadium 0.381 

Third draw, per cent, cadmium 0.231 

Fourth draw, per cent, cadmium 0.157 

Fifth draw, per cent, cadmium 0.081 

Si-xth draw, per cent, cadmium 0 035 


The control of cadmium was accomplished in two ways: In the first, 
it was necessary to use a crude spelter low in that element, so stocks of 
metal, representing the last draw from the ore furnaces, supplemented 
with the same grade from the company’s other plants or purchased from 
outside smelters were accumulated. This metal, high in lead and iron 
but low in cadmium, was treated in the settling tanks and there freed 
from its excess of lead and iron. The product was then subjected to 
redistillation, with the object of concentrating all cadmium in the first 
two draws by sharp firing. The next four draws were cast into sticks and 
used for double redistillation, yielding on the first two draws a metal of 
99.9 per cent, zinc plus cadmium quality, and on the other four draws 
a metal of 99.9 per cent, pure zinc grade. 

Representative analyses of double redistillation were: 


First and second draws 

Third, fourth, and fifth draws 
Sixth draw 


Lbad, 
Pm Cmr. 


iBON, 

Pam CaMT. 


0.020 to 0.060 0.005 

0.040to 0.050 0.004 

0.050 to 0.070 0.004 


CADmUM, 

Pbb Cbnt. 

0.070 to 0.120 
0.004 to 0.010 
nil to trace 


Sixty carloads of 99.9 per cent, pure zinc shipped under one order 
assayed between the following extreme limits: 

YOL. XJCXl. — 58 
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0.044 to 0.074 
0.008 to 0.007 
0.006 to 0.021 


It should be mentioned that thi« redistilled metal showed no other 
impurities whatever, because the ores were singularly free from arsenic 
and antimony. To avoid these two elements, as well as bismuth, tin, 
copper, etc., no remelted or scrap metal was purchased for the refinery. 
The origin of outside third-draw metal was, in all cases, known and was 
guaranteed by the seller. 

Hie final metallic residue was removed from the retorts every 18 
days and was subjected to further redistillation in special retorts, with 
the object of extracting all remaining zinc. The dross from such 
fiinal redistillation was separated, according to its origin, into high-lead 
and hi^-iron material and sold to lead smelters. Characteristic analyses 
of such dross residue were: 


Zinc, Ibon, 

PsB Cbmt. Pro Cbnt. 


Lbad. 
PxB Cbnt. 


SlLVBB, OUNCBS 

Pbb Ton 


Gold, Ouncbs 
Pbb Ton 


19.25 

28.75 


0.65 

0.55 

44.04 


79.3 

70.1 

39.85 


21.66 

17.39 

4.4 


0.025 

0.010 

0.010 


Gallium and indium were found in such dross, which had originated 
from the redistillation of spelter produced from certain Joplin ores. 

In single, as in double, re^stiUation the metallui^cal work improved 
with practice and recoveries, over a two-year period, were 87 per cent, as 
marketable spelter; 5 per cent, was the loss by burning and retort absorp- 
tion; and the skimmings contained the remaining 8 per cent, of zinc in an 
80 per cent, product. These latter, called refinery oxides, were handled 
like high-grade ores and, mixed with only 10 per cent, of dead coal, were 
smelted in the ore furnaces. The zinc recovery of the refinery oxide 
charge showed an average figure of 90.94 per cent., in a 42-months con- 
tinuous run on one ore furnace. All the anthracite stufllng of the 
refinery condensers had gone into these skimmings, hence the wnall 
amount of new reduction fuel. The yield from this chaige was an excel- 
lent and uniform grade of spelter, somewhere between the intermediate 
and braes special grades established by the American Society for Test- 
ing Materials. 

In tiae operations of the redistilling blocks, the writer was supported 
by an exceptionally capable foreman who, fdter the first few tnnntVi^i, 
could be reUed on to produce any grade of spelter desired, according to 
the itiiipping orders. Begulation of heat, segregation of special draws, 
mixing into tiae redistilled metal of weighed amounts of carefully graded 
and analyzed crude spelter or single redistilled material of off-assay, gave 
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the operations a latitude unknown in ore-smelting practice, and enabled 
the plant to turn out huge tonnages of uniform spelter and of any com- 
bination of lead, iron, and chdmium demanded. Large melting pots for 
such mixing of different grades were used for purposes of equalization. 
An unusual amount of laboratory work was, of course, required and sev- 
eral chemists were kept busy on refinery analyses alone. 

Cake of Retobts 

New retorts yielded, for the first week, a hi^er grade of spelter than 
they did later, and advantage was taken of this fact. This was easy to 
do, as the 18-day cleaning and 36-day changing of retorts were done by 
sections, proceeding regularly down each furnace in turn. Working costs 
were kept low under such a system, the work being done strictly on 
schedule and at great speed. As in ore smelting, the charging and 
retort-changing crews were allowed to go home as soon as their work 
was done, so they rarely worked more than 4 hr. For the rest of the 
time, only one fireman was on duty for each two blocks, and one metal- 
drawer for each furnace on 8-hr. shifts. 

The removal of the dross from retorts to be cleaned or changed was 
done by the night metal drawer, into special ladles and with special 
tools, so as to avoid contamination of the redistilled metal with this high- 
lead and high-iron residue. The amounts so removed were small, as such 
retorts had not been chained for three days preceding the cleaning-out 
process, and were worked down low. In the morning, the day crew 
charged, or changed and charged, these retorts as their first duty, so as 
to avoid a burning out of the absorbed zinc. 

The body of the retorts was deep blue with zinc spinel, and showed 
stringers of zinc in the fine checks and cracks, so common in clay retorts. 
The retorts did not break and drop their spelter contents into the furnace; 
they were closely inspected by the foreman when they were removed from 
the temper ovens, and discarded if he had the lightest doubt as to their 
soundness. Small pinholes at times developed after charging; these were 
readily observable through peep holes in the ends of the furnaces and 
in line with the spaces between the rows of retorts. Such pinholes were 
patched with soft clay whenever possible, or were marked for immediate 
cleaning out and removal, if patdiing was not possible. 

To avoid contamination of the redistilled metal by iron, bronze 
scratchers were tried, but quickly proved to be unsuitable. Each metal 
drawer was provided with a large number of the regulation cast-iron 
scratchers, and was required to use each one only a sh(Hrt time, so that no 
undue heating of the iron tool could lead to an increase of the remarkably 
low iron content of the redistilled metal. After the first year’s operation, 
the mettd carried never more than 0.005 per cent, iron, with an average 
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of 0.0035 per cent., which figure is not equalled by any spelter made from 
pure ores direct, or by any electrolytic zinc. 

Pboducinq Modified Gra.de A bt Single Distillation 

Early in 1918, after the establishment of more liberal specifications 
by the United States Government for grade A, and after the Russian 
demand for 99.9 per cent, pure zinc had ceased, there was a serious decline 
in price for such grades. Double redistillation with its double operating 
costs and metal losses became unprofitable, and it was possible to 
produce the modified grade A by single redistillation from third-draw 
crude spelter. A very low heat was used, the efficiency of the men and 
the interest in their work increased, and reliable results were obtained. 
The tonnage under this treatment decreased considerably, but this 
was partly offset by the saving of settling costs, decrease in metal losses 
as a result of longer retort life, simplified handling of the distilled metal, 
because of great uniformity of the six draws, with the total absence of 
off-assay lots, etc. The refinery retorts had proved very reliable and, 
under the conditions of gentle firing, stood up so well that a second 
cleaning before changing was introduced, thus giving a life of 64 days. 

The average analyses of the singly redistilled metal under this method 


were as follows: 

Thxbd and 

Fibbt Sbcond Fourth Fifth Sixth 

Draw Draw Draws Draw Draw 

Lead, percent 0.060 0.070 0.085 0.090 0.110 

Iron, percent 0.004 0.004 0.004 0.005 0.006 

Cadmium, per cent 0.200 0.123 0.080 0.040 0.015 


Costs 

Redistilling costs varied, during the 45 months of continuous oper- 
ations, from $7 to $10 per ton of crude metal treated, depending largely 
on tonnage (a factor of slow or fast firing); the average was $8.70. The 
major items of such costs were as' follows: Labor from $5.06 to $6.24 
per ton crude spelter. Natural gas was $1.44, based on an average price 
of 7.9 cents per 1000 cu. ft. at the furnaces. Retort consumption varied 
from $0.50 to $0.32. Condenser consumption averaged $0.20. Coke 
^reduction fuel) was $0.01. Semianthracite (for stuffing) averaged 
$0.21. The balance of the costs comprised repairs to tools and buildings, 
power, supplies, clay, liability insurance, salaries, water and miscellaneous, 
all small items. ’ 

Tonnage varied from 1600 to 1400 per month, with a gas consumption 
of 900,000 cu. ft. per day, which included the operation of the settling 
tanks, retort temper oven, melting pots, etc. 

Tlie foregoing description of the process of redistilling spelter shows 
the remaihable adaptability and latitude in quantity and quality produo- 
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tion of hi^-grade zinc, and it will not be surprising to learn that, of all 
the Mid-Continent smdteis practicing redista]lati(»i, the Bartlesville 
Zinc Co. was not only the first to start this process, but the last to dis- 
continue it. Far-reachiiuE economies had gradually been introduced, and 
the metallui^cal work had improved so far, that competition with the 
old-fashioned brands of high-grade zinc was perfectly possible. The 
quantity production of electrolytic zinc caused the company to shut down 
its refineries, thus bringing to a close a most successful emergency pro- 
cess, which will always remain an interesting phase in the histoty 
of the metallurgy of zinc. 

Other Methods of Refihing 

For the sake of completeness, there should be mentioned here those 
other processes of refining zinc in the Mid-Continent field that have come 
under the author’s observation. 

Several smelters used a copyrighted process, whereby prime western 
spelter was freed of its excess lead and iron in a settling tank and charged, 
in a molten condition, into redistilling retorts through holes in the back 
end of such retorts in single furnaces. The redistilled metal was dumped 
into an equalizing tank, and molded out after thorough stirring and 
mixing. As the chai^ng was done after every draw, and later twice a 
day, several advantages were obtained. The retorts were kept more 
uniformly loaded and not exposed to the chilling effect prevailing when 
charging with stick metal; hence it was easy to keep temperatures at a 
uniform level, and have draws of equal tonnage. On the other hand, this 
process failed to take advantage of the control of cadmium by fractional 
distillation, and therefore never turned out the highest grade of 99.9 per 
cent, pure zinc. 

Another company used graphite pots, similar in design to those used 
in distilling zinc from the silver-gold-zinc crusts obtained in the Parkes 
process of lead desilverization. These pots were expensive and short- 
lived and it was hard to regulate the heat in the small furnace units. 
Metal losses were large and the quab'ty of the produced zinc imcertain. 
The pots cost around $40 each, had a life of only 30 days, and required 33 
hr. for distilling one charge of 750 lb. This process could not be adapted 
to mass production for obvious reasons. 

Almost every smelter in the Eansas-Oklahoma district tried redistill- 
ing in one way or another; some used regular ore furnaces temporarily, 
by reversing the slope of the retorts and setting their back ends on to 
lower shelves. All of this company’s branch smelters redesigned the tile 
lining and shelves and, in the construction of new furnaces or the repairing 
of old ones, new equipment was installed, making it ‘possible to use a 
block of furnaces for either ore smelting or redistilling of metal as desired. 
Such expedients, however, were never as satisfactory as the itiain redia- 
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tilling plant, which was elected as a self-contained unit oomidete with all 
auxiliaries, including separate air fans, gas lines and pressure regulators. 
Mix-up in the destination of metals, contamination by sweepings, dust, 
ore-fumace tools, and fuds etc. were entirely avoided. Any one familiar 
with the usual zinc-smelting plants will readily appreciate this point in 
the light of the pai ns ta kin g cleanliness and orderliness required for the 
successful mid faultless production of highest grade zinc. 

DISCUSSION 

G. E. Daiset, East Berlin, Conn. — ^If the ordinary galvanizing 
dross, that is dipped from the bottom of a galvanizing pot, running about 
10 per cent, iron, were redistilled, how much zinc would you recover? 
How much zinc would the dross residue in the retort hold, and in what 
shape would it be? 

Kobt Stock. — ^Do you mean metal of 90 per cent, zinc + lead and 
10 per cent, iron? Metal with 10 per cent, iron is, of course, rather hard 
to melt by itself and is apt to be mushy after melting. It can be diluted 
in one of these large settling tanks to a point where it will readily melt 
and segregate. You will then obtain in the bottom most of the lead, 
which never holds more than 2 per cent. zinc. The iron-zinc is in a 
mushy condition above it, and can be handled readily, even if the iron 
content is above 10 per cent. This material can be distilled like any 
other metal in retorts. 

G. E. Dalbet. — You would not find it practicable to redistill that 
10 per cent, iron dross direct? 

Eubt Stock. — You can do that, but the other method is preferable, 
as you save the lead and obtain a better spelter in the final distillation. 

G. E. Dalbet. — ^How much zinc would remain and what would be 
the analysis of that residue? 

Kubt Stock. — Practically no zinc whatever; nothing but iron, some 
lead, and other non-volatile impurities. No zinc whatever will remain 
after distillation at sufficiently high temperatures. 
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High Zinc in Lead Blast-furnace Slags 

Bt Fbed E. Bxaslkt,* KsUiOoa, Ida. 

(New York Meetinc, February, 1025) 

Mbtallttrgists have, in the last ten years, overcome many diflfU 
culties of high zinc in lead blast-furnace slags. This problem was brought 
to the front at the close of the war, by the price obtained for lead and the 
high cost of labor, fuel, and flux. 

The Port Pirie plant of the Broken Hill Associated Smelters, Austra- 
lia, early in 1919 had increased the zinc oxide in its blast-furnace slags 
from 13.5 to 20 per cent., at the same time reducing the iron oxide in the 
slag from 33.5 to 25.6 per cent. These results were obtained by the 
addition of 10 to 12 per cent, granulated slag to the roaster c^rge, 
improved conditions of the crushing, mixing, and roasting of the con- 
stituents of the sinter. By experiments and improvements, the practice 
at this plant has developed a normal slag that carries 22 per cent, zinc 
oxide, and at times runs as high as 33 per cent, zinc oxide, with only 
slight furnace trouble. The granulated ^g is used not only as a diluent 
to the sulfur in the roaster charge, but on account of its value as a slag- 
forming material and the physical properties it imparts to the finished 
sinter. The ore is mixed with flux and given a double roast. All the 
first roasting is by sintering with the Dwight & Lloyd machines. The 
final roasting is performed partly by Dwight & Lloyd machines and partly 
by H. & H. pots. The charge to the blast furnace consists chiefly of 
the final sinter, slag shells, siliceous and non-bearing sulfur lead ores. 
High blast and ore columns are the practice. The greatest care is taken 
to obtain in the final sinter as low a sulfur content as possible. 

Attracted by the success of the Port Pirie plant. The Consolidated 
Mining & Smelting Co. of Canada, at Trail, B. C., in 1920 treated its 
crushed primary sinter with about 15 per cent, granulated slag. The 
Trail smelter at this time was short of ore and a large part of the charge 
to the roasters consisted of the zinc-plant residue having the following 
analysis: 12 to 16 per cent, lead, 12 to 16 per cent, zinc, and 25 to 30 per 
cent. iron. The lead in the final sinter was low and Hie ph 3 r 8 ical condition 
was so bad that all the sinter had to be screened before it coidd be chained 
to the blast furnace. Also it disintegrated on being trammed and dumped 
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into tiie furnace, which caused furnace trouble. After the addition of the 
granular slag to the crushed primary sinter, the final sinter while lower in 
lead content had a better physical condition and gave far less furnace 
trouble. A typical slag at that time consisted of about the following 
analysis: Pb, 1.2 per cent.; Zn, 14.0 per cent.; insol., 20.0 pOT cent.; 
Fe, 32.0 per cent.; CaO, 10.0 per cent. Today, the slags carry as high as 
22 per cent, zinc and no troubles arise, provided the iron and sulfur are 
correct. At Trail, the double roast is done by means of Dwight & Lloyd 
machines. The granulated slag is still added to the second roast feed. 
As the lead in the charge is much higher now, the use of the granulated 
slag is prompted by the physical condition of the final sinter and the 
advantage gained in operating the furnaces. 

The Burma Mines Co. smelter at Namtu, Burma, also sought to 
reduce the ironstone added to the furnace and to dilute the sulfur con- 
tents of the roaster feed by the addition of granulated slag to the feed of 
the primary roasters. No advantages were gained; but greater difl5- 
culty resulted in crushing the primary sinter and higher sulfur content in 
the final sinter. The dilution of the sxilfur contents of the primary roast 
feed was solved by the addition of 10 to 20 per cent, of crushed secondary 
sinter or crushed furnace barrings. During August, 1921, 2871 long tons 
of furnace barrings crushed to H in. were used on the primary roaster 
feed as a sulfur diluent. An analysis of the crushed barrings was: Ag, 
18 oz.; Pb, 28 per cent.; ZnO, 23.3 per cent.; FeO, 19.3 per cent.; S, 8.0 
per cent.; insol, 11.2 per cent. 

The four furnaces, with a loss of only three days out of 124, smelted 
12,070 long tons of sinter produced with these barrings. An analysis of 
this sinter was: Ag, 31.9 oz.; Pb, 32.8 per cent.; Zn, 22.6 per cent.; FeO, 
17.0 per cent.; SiOj, 11.0 per cent.; S, 3 per cent. The furnaces produced 
.4276 long tons of bullion; the slag had about the following analysis: 
Ag, 0.6 oz.; Pb, 4.2 per cent.; ZnO, 27,2 per cent.; FeO, 30.2 per cent.; 
SiOj, 23.2 per cent.; MgO, 4.4 per cent.; CaO, 5.0 per cent. It was 
interesting to note that even without a baghouse or a Cottrell plant, the 
silver recovery was about 90 per cent, and the lead about 84 per cent.; 
also the barrings used had been exposed to the tropical climate and 
weather for years and were in a very poor physical and chemical condition. 
The furnaces ran well until more lime was added, in an attempt to 
clean some of the lead from the slag; this was successful in lowering the 
lead but the furnaces slowed up until the extra lime was taken off 
tile eharge. 

The practice at Namtu is to obtain the primary roast by Dwight & 
Lloyd machines, crush and reroast part in H. & H. pots and part by 
seotHufauty Dwight & Lloyd machines. The sinter contains all the 
^arge to the blast furnace, mccept the lime, which is added to tiie furnace 
witii the coke. The return dross also is charged but no shell slag. 
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The ore, blast, ore oolunm, size and type of furnace used by these 
plants va^ in such a manner as to have no general bearing on each other 
in r^ard to high zinc in slags. They are all successful in operating with 
slags that run as high as 22 per cent, zinc, and at times much higher. 
The writer, through associations with metallurgists of these plants and 
from observation and experience at the Trail Smelter and the Burma 
Smelter, wishes to present the following conclusions, which are based on 
the procedm^s found necessary in these plants in producing high zinc in 
lead blastrfumace slag: 

Thorough crushing and mixing of all the constituents of the primary 
feed. 

A dilution of the sulfur contents of the primary roast feed to 10 to 14 
per cent, sulfur by the addition of some such material as granulated slag 
or crushed sinter. 

Special attention given to the moisture of the roaster feed. 

The sulfur contents of the final sinter should be under 2 per cent. 

The sinter charged to the furnace should have very few fines. 

The iron in the slag should be slightly higher than the zinc. 

DISCUSSION 

II. C. Canby, Wallingford, Conn. — About 1896, there was a good 
deal of discussion about high zinc in lead-furnace slags and the Engineer- 
ing & Mining Journal had an article pretty well covering the ground 
and showing slags varying from 15 to 20 per cent, and over zinc oxide. 
The interesting thing in this paper is that there is no reference to any 
particular difficulty; those of us who smelted in the West in those days 
when zinc in the charge was high and the lead was low had a great many 
difficulties. The particular thing is that every charge in the furnaces 
mentioned in this paper is a sintered charge. 

About 1912, I had rather an interesting experience with some work 
that Dwight & Lloyd were doing with roasted pyrite ore from acid 
plants. There was no possibility of smelting it in the blast furnaces 
Experiments treating that material after sintering showed remarkable 
fusibility. The material had defied the reverberatory furnace because 
there was no reducing action and the blast furnace because of its fineness. 
In describing this sinter, at the time, I referred to the sinter as “pre- 
digested furnace feed. ” 

In the slags referred to, in 1896, it was a question about high lime in 
zinc-bearing slags. In the work to which I referred particularly, at that 
time we had to have a high lime and those slags containing 20 per 
cent, zinc oxide carried sometimes as high as 23 or 24 per cent, of CaO. 
Herman A. KeUer^ had previously referred to a high lime, with high zinc. 
' > The Deailveruation of Lead Slags. Trana. (18%) SI, 71. ’ 
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We had to carry high lime in the smdting to which I referred once we had 
no iron and it was also necessary to have a low specific gravity. The 
high lime gave a much better separation on account of the low specific 
gravity; we used a little more fuel — about 18 per cent. Of course, with 
this predigested charge, while the fuel in the smelting charge is not given, 
I suppose it is much lower than that. 

Fbbd E. Beaslbt. — ^High lime, high zinc, and sulfur will freeze a 
furnace, for this reason low CaO, from 15 to 5 per cent., is the practice in 
producing a high-zinc slag. Coke at these plants averaged 9 to 12 per 
cent, of the charge. 

R. L. Lloyd, New York, N. Y. — Difficult slags will also be encoun- 
tered in copper practice. Equivalent slags I have made were much 
over 20 per cent, zinc, using sintered material almost to 100 per cent. 
In making a difficult zinc, or any other difficult slag, the rate at which 
the furnace runs will affect to a large extent the ability to handle that 
particular slag. A very fast driving furnace will handle a difficult slag 
that a slow driving furnace will not and much of the ability to handle 
difficult slags comes from the fact that with a sintered charge, invari- 
ably, the furnace is driven so much more rapidly than with a fine charge. 

Cable R. Hayw^akd, Cambridge, Mass. — One important thing is the 
temperature in the furnace or the rapidity of driving. When visiting 
Trail two years ago I was astonished at the high-zinc slags they were 
making, also at the temperatures observed in the lead furnace. They 
were running with a top much hotter than the customary practice, but 
the slags were running well, and they have made slags even higher in 
zinc than those noted here. 

At the laboratories of the Massachusetts Institute of Technology 
last year, a study was made, by H. T. Mann, of the equilibrium of ZnO, 
CaO, FeO, and SiO* and various replacements of the bases one by the 
other. These results will doubtless be published in the near future. 
They brought out the fact that there were several groups of slags that, as 
far as the melting points and fiuidity were concerned, could be used in 
lead smelting and run high in zinc, but the range of those slags was 
astonishingly narrow. We foimd that, having established a slag that 
would fuse within the range of ordinary lead-fumace practice, by varying 
some one of the constituents 1 or 2 per cent, one way or the other, the 
fiuidity would either chaise or the melting point would rise to a tempera- 
ture t^t would be undesirable in the lead blast furnace. 

I bdieve that the figures obtained would be confirmed in a lead fur- 
nace and that some of the trouUes found in lead smelting with high zinc 
in the have been due to the fact that the very narrow range of 
composition possible in the sl^s used has not been fully recognized. 
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I say narrow range; at least two and possibly three groups of slags can 
be used, but in either of them slight changes in composition are disastrous. 

R. C. Canbt. — ^This paper says the iron must be slightly in excess 
of the zinc; was that one of the things you noticed? 

Cable R. Hatwabd. — That was true in some cases. There is 
another group of dags where that was not true. 

Fbed E. Beaslet. — ^With varying constituents, slightly higher iron 
than zinc in slag acts as a factor of safety on a commercial scale and 
gives continued operation. 

G. E. Dalbet, East Berlin, Conn. — Once I smelted some foundry 
ashes and refuse in a circular 36-in. blast furnace to black copper. The 
slags from this operation ran about 20 to 25 per cent, zinc oxide. We 
had pretty good luck as long as we kept things moving and the furnace 
hot. If for any reason the furnace was slowed down, it was practically 
impossible to get the furnace back to good running order again; but if 
kept hot we had practically no difficulties. The iron oxide in the slag 
went about 37 per cent. 

Abthub S. Dwight, New York, N. Y. — The function of the granu- 
lated slag added to the raw charge to be sintered is twofold. First, it 
acts as a diluent in separating, one from another, the little individual 
particles of sulfide and preventing their fusing together in the first heat 
of roasting and by holding them apart permitting each particle to be 
instantly burned up, you might say, as the zone of ignition reaches it; 
second, it gives a certain amount of slag-making material, which can 
unite with the oxide produced in the preliminary, or roasting, phase to 
form a coherent sinter in the final or sintering phase. Those two factors 
are necessary to produce good results and a coarse sinter for the blast 
furnaces. The author speaks of the successful use of granulated slag at 
Port Pitie, Australia, while in the smelter at Namtu, Burma, the crushed 
slag was not so helpful. He fails, however, to give the corresponding 
analyses. I venture to say that in the one case there was a defidency of 
silica or fusible material in the charge while in the other case there was 
an ample amount, and the slag was unnecessary and consequently took 
up space and was therefore undesirable. 

The final results obtained in those plants, each by its own procedure, 
was a satisfactory furnace product. It was that product that did the 
work, because it brought about a certain set of conditions in the blast 
furnace that made it possible to carry high zinc in slags. 

The author says that, in one place, they had to screen out all the fine 
material so as to have a coarse charge. He also speaks of the high 
blast thi^ was helpful in fast driving, which several have mentioned as 
neeessaty to carry through a slag high in zinc, and that it permitted the 
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furnace to run on a lower fuel charge. All of these factors made to the 
same end. When carrying a high fuel charge in a blast furnace smelting 
high-^zinc ores, the tendency is to reduce the zinc to metal in the lower 
part of the furnace and give it a chance to combine with whatever sulfur 
there may be present to form regenerated zinc blende, which will make 
trouble. But by having an open charge, driving fast, and carr 3 ring a 
lower fuel percentage excessive reduction is avoided and yet the necessary 
heat for smelting is obtained. Thus by keeping the zinc in the form of 
oxide it is possible to carry off a maximum amount of that zinc in the 
slags without the formation of products which are detrimental to the 
successful running of a lead furnace. The chemical condition of that 
slag is likewise extremely important. There are very narrow limits in 
the range of analysis that will successfully carry a high percentage 
of zinc. 

My own experience has been based on empirical considerations but 
I think that there is a scientific solution, upon which, no doubt, the 
results of the investigation that has been made at the Massachusetts 
Institute of Technology will throw a great deal of light. We will 
welcome the publication of these results. 

I will mention a personal experience of this problem. About the time 
of the Spanish War, the company by which I was then employed had a 
lead mine in Northern Mexico, just south of the big bend of the Rio 
Grande River, and was shipping the ore to a smelter in this country. It 
carried about 35 per cent, lead, a small amount of silica, a small amount 
of zinc, and a little iron. The company decided that the ore could be 
smelted more advantageously on the spot, so I was instructed to build 
a smelting plant and turn the ore into bullion on the spot. We were 
about 100 miles from the nearest railroad — the Southern Pacific in Texas. 
It was, therefore, necessary to build a wagon road from the railroad to 
the plant and a \rae-rope tramway across the Rio Grande, which was 
very wide at that point, and then build a smelter on the Mexican side in 
as simple and expeditious a way as possible. 

When we came to consider the smelting of that ore alone, because 
there were no other ores available, we found that taking out the lead left 
a residue in which the amount of zinc more than equalled the amount of 
silica, and there was no other silica handy. It was in the midst of a 
limestone desert. 

We solved the problem after a good deal of experimentation. We 
found, in the first place, that the furnace charge must be kept very open 
and the fuel at an absolute minimum. To do that we used the best 
coke we could get that would stand the long haul by teams from the 
railroad with its least breakage and supplemented the coke on the charge 
with big pieces of cord wood, which we put down in the center of the 
furnace vertically, so as to keep a very open charge. I decided that 
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everything possible should be done to avoid reducing the zinc. We had 
a little sulfur in the ore so it was necessary to reduce iron to take care of 
that and clean the slag. So, figuring out, in a general way, that it took 
about a ton of coke to make a ton of iron, I decided to bring in scrap 
iron instead of part of the required coke. Scrap iron was just about the 
same price as coke and, assuming that it was equivalent ton for ton, we 
could bring in the iron already reduced rather than reduce it ourselves 
in the blast furnace. So by means of this ‘'predigested iron,^' to use the 
author’s expression, and using local cord wood to replace part of the coke 
and also to help keep the furnace charge open, we were able to smelt 
slags running up to 25 per cent, zinc oxide, which is about the highest 
I had ever been able to handle. 

That slag ran about 25 per cent, silica and 25 per cent, zinc oxide, 
and enough iron to make up the proper composition. That experience 
taught me a lesson in the matter of handling high-zinc oxide in the lead 
furnace slags and, I believe that if this principle is kept in mind, it may 
prove a guide to the solution of some of the tough problems that occar 
sionally confront us in smelting ores high in zinc. 

As to the chemical composition and the types of slags that will best 
carry oxide of zinc, I believe that the zinc is present in slag in the form 
of a dissolved zinc spinel; I have several times worked out interesting 
conclusions from high-zinc slags that were given me and which I knew 
to be well running slags. In such reasoning, we must start with a slag 
that we know is good, and work back. Figure first the sulfur with the 
necessary iron to cover it as matte; then figure the alumina to zinc oxide 
to form alumina spinel, ZnOAljOs, then figure the balance of the zinc, 
to Zn0Fe20j, then figure the balance of the iron as FeO to combine 
with Si02 and CaO in the usual slag formula. You will have Si02, 
FeO, and CaO. In most of the cases where I have applied this test, I 
have found a resultant slag formula which corresponded very closely 
to the slags that the lead smelters generally recognize as good types with 
a dissolved zinc spinel. In other words, they have almost invariably come 
right down to first principles and well accepted formulas, l^ether 
this principle will prove to be a step in the establishment of propel* work- 
ing theory of slags for handling zinc I cannot say, but it has helped me 
very much. 

C. S. WiTHERELL, New York. — What do you consider fast running of 
the furnace? 

R. L. Lloyd. — ^A n3rthing under 7 tons to the square foot I would not 
call fast. I was speaking of copper, particularly, for I am handling 
such slags. 

E. P. Mathbwson, New York, N. Y. — With the sintered material 
that the author mentions^ about 275 puts to the ordinary furnace or 
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say 7 tons per square foot of hearth area. When the charge smeltB 
rapidly, there is little trouble due to high zinc. 

Fund E. Beaslbt. — ^The Burma Mines Co., Namtu, Burma, smelts 
3 to 4 tons. The Consolidated Mining & Smelting Co. of Canada, 
Trail, B. C., smelts 5.5 to 6 tons. The Bunker Hill smelter at Kellogg, 
Ida., when producing a slag containing 10 per cent, zinc oxide, smelts 4.5 
to 6 tons, but when producing a lower grade zinc-oxide slag smelts as high 
as 10 tons. 

Abthub L. Walker, New York, N. Y. — The analysis of Burma 
slagshownonpage 920 indicatesa lead contentof 4.2 per cent. We would 
hardly consider that a satisfactory slag from a metallurgical standpoint 
though undoubtedly it is from a commercial standpoint. It is probably 
more economical to produce a slag high in zinc even if the lead is 
also high. 

It is recognized that the form in which the zinc is present in the slag 
has a distinct bearing on its character. If a high percentage of zinc is 
present as a sulfide, there is apt to be trouble; if present as oxide, a much 
more fluid slag will result. That can be illustrated by the results 
obtained at a copper smeltery, located near Newark, N. J. At that 
plant, they are treating a material that contains almost all the common 
metals and some of the rare ones, but it does not contain an appreciable 
amount of sulfur. It is an oxide-smelting operation pure and simple. 
Now, we all know that in smelting oxidized copper ores it is impossible 
to make a slag that is low in copper. Doctor Douglas, in the good old 
days down in Arizona, used to say, “We never made a slag that contained 
less than 2 per cent, of copper, but when we quarried that slag dump for 
resmelting years afterwards, we always obtained 3 per cent, from it.” 
When smelting an oxide copper ore or material, we necessarily make a 
slag high in copper. 

At this plant to which I referred, the slag will contain from 13 to 
over 20 per cent, zinc oxide. But the zinc content of that slag does not 
seem to have any bearing on its copper content. When the zinc is high 
the cof>per may be lower. For example, the average composition for 
the slag for one month was 16.5 per cent, zinc oxide and 1.3 per cent, 
copper — a very favorable result for an oxide-smelting proposition. 
The next month the zinc oxide content was 13.7 per cent, and copper 
content 1.5 per cent. In the next two months, it increased to 18.5 
per cent, and the copper content went down, which clearly indicates 
that the effect of zinc as an oxide in slag, within certain limits, is not 
detrimental. When the zinc content of the same slag is much above 20 
per cent., however, the copper will go up. The average composition of 
the dag in question varies from 27 to 30 per cent. SiOi, from 30 to 27 
per cent. FeO, and from 13 to 16 per cent. CaO. 
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Fbed E. Bbaslbt; — ^The extra high lead content was due to special 
run of barrings; the normal slag contained 1.5 to 3 per cent. lead. 
Native labor in making sinter and feeding and topping furnaces accoimts 
for higher lead loss in slag than in a white man’s country. 

B. M. O’Habba, RoUa, Mo. — I believe it has been found, in roasting 
zinc ores, that a Dwight & Lloyd roaster is especially efficient in breaking 
up zinc sulfate; at least it gives a product that is very low in zinc sulfate. 
Would that have any bearing on the formation of zinc sulfide in the 
blast furnace? 

R. L. Llotd. — I t undoubtedly has, because zinc sulfate would reduce 
to the sulfide readily. Large quantities of sulfate result in large quanti- 
ties of stdfide being reduced. In the practice of a smelter with which 
I am connected. Where sulfates are present sulfides invariably result. 

C. P. Linville, Elizabeth, N. J. — It might be well to bring out a 
little more clearly just what this predigestion does. Zinc oxide in the 
presence of carbon monoxide at furnace temperatures is easily reduced to 
zinc that combines with any sulfur present to give zinc sulfide. This 
zinc sulfide goes into the well-known mushy material that gives trouble. 
If, by predigestion, we convert the zinc into zinc silicate or zinc ferrate, 
we obtain a combination not easily reduced by carbon monoxide, and 
consequently the formation of zinc sulfide is prevented. When such 
material containing lead, also as silicate, is melted to a slag in the presence 
of solid carbon, the lead is so much more easily reduced than the zinc 
that it is possible to get complete lead reduction without any zinc being 
reduced. On account, however, of the preformed silicates making a 
more rapidly fusing slag, there may be greater danger that, with rapid 
driving, the lead reduction will not be completed, and high-lead slags 
will be obtained. Perhaps this may accoimt for the high leads reported 
in the zinky slags mentioned. 

The point I wish to make is that predigestion has done a considerable 
part of the work that otherwise would have to be done in the furnace 
itself, by combining the zinc with silica, irqn, and other things into 
compounds not easily reduced by carbon monoxide or solid carbon. As 
zinc sulfide can only be produced by the action of sulfur or sulfur com- 
pounds on metallic zinc, such predigestion will, therefore, effectually 
prevent most of the troubles caused by zinc. 

Abthub S. Dwight. — ^In most of the large lead-smelting plants in 
this country, the entire charge for the lead blast furnaces, including 
fiuxes and everything that goes into the charge, is automatically pro- 
portioned, thoroughly mixed, and heated on the sintering machines; 
consequently there is likely to be a considerable formation of silicate of 
lead. However, on account of the very open cellular structure of the 
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D. and L. sinter the reduction of lead is very complete, because we know 
that the average run of lead slags in this country are very low in lead; 
they have to be so or the company would soon go out of business. That is 
sufficient answer to the question as to behavior of the lead in the presence 
of silica. 

In connection with this question of sintered lead ore, I might add 
that in almost all -cases less coke is carried on the furnaces than was 
required when the ore was in the earthy condition and unsintered. So 
in spite of the fact that the lead may be very largely in the form of silicate 
of lead, if sufficient silica is present to do that, the lead will be thoroughly 
reduced even with less fuel than before. 

R. C. Canby. — When I first knew Colonel Dwight, one of the things 
that he particularly dwelt on was the influence of the gases in lead 
smelting. From the literature that we have in America on lead smelting, 
we often are too apt to form an idea simply of the carbon. I have a 
little Spanish book on metallurgy; the practice it describes is very crude, 
but its appreciation of the descending charge and the ascending gases 
is more complete and more illuminating than an5rthing in American 
literature and that is very important when you consider what has been 
called the proper porosity of the predigested charge. 
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A New Roasting Furnace for Zinc Flotation Concentrate 

By Charles H. FtnuroN,* RoIjLA, Mo. and J. Burns IlBAD,t Denver, Colo. 

(New York Meeting* February* 1925) 

A PREVIOUS article' by the authors contained a general description 
of the new roasting furnace herein described but it did not go into detail 
as to the metallurgical behavior or the results obtained. Believing that 
such information would be of great value, they have elaborated on the 
subject and have given many unpublished details. 

The furnace described applies the principle of roasting finely divided 
zinc-sulfide ores, now produced in large quantity by the dotation process, 
in gaseous suspension; that is, the ore particles are carried, in suspension, 
in a current of air and gaseous products of the roast. The relatively 
great fineness of flotation concentrate presents diflSculties and problems 
of roasting in furnaces of the ordinary type; the fine ore is forwarded 
through the furnace in the form of a shallow bed and its very fineness 
leads to dense impervious bedding which prevents oxygen from reaching 
the interior of the bed, thus unduly lengthening the time of roasting and 
preventing the elimination of the last of the sulfur. The fineness of the 
concentrate, normally, should lead to a rapid and complete roast, for the 
speed of roasting is a function of the surface exposed to oxygen, which 
surface is greatest, per unit of weight, in very fine material. The diffi- 
culty in bed roasting is to get the oxygen to the particle. If the fine ore, 
during the roasting, could be freely suspended in oxidizing gases, full 
advantage could be taken of the great surface conferred by its fineness. 
This fundamental idea, of course, is not new, for the Stedtefelt furnace, 
familiar to the older metallurgists, is an example of it; but the manner in 
which this is accomplished may be new. 

The numerous efforts to roast in gaseous suspension show tiiat the idea 
is attractive; in fact, an analysis would indica te tha t it is the most reason- 

* Director, Missouri Sdiool of Mines and Metallurgy. 

t Metals Exploration Co. 

^Roasting Zinc Concentrates in Suspension. Bng, db Min. JnL (1920) 110. 
405. 


YOL. xxxx , — 59 




930 A NSW BOASTING FXJBNAGB FOB ZINC FLOTATION GONCSNTBATS 


able way to effect the oxidation of ore, provided certain difficulties can 
be overcome. Two objections against such a method that formerly 
had much weight were the cost of fine grinding the ore, also the fact that 
the finely ground product, even after roasting, was not the best condition 
of material for further metallurgical operations. The objection of costly 
grinding, however, has been removed by the production of great quanti- 
ties of flotation concentrate, which in point of fineness present a material 
that is ideal for roasting in gaseous suspension. 

The inception of the experiments described here is due to David B, 
Jones and March F. Chase.^ The idea of the general type of furnace and 
process was suggested to the authors and the experimental work was 
carried out in the metallurgical laboratories of the Case School of Applied 
Science at Cleveland in 1915-6. The original plan was to make a 
furnace for roasting zinc-blende flotation concentrate that would use the 
heat value of the sulfide to accomplish the roasting and to produce a gas 
suitable for making sulfuric acid; t. e., of sufficient concentration in SO 2 
and practically free from the products of carbonaceous combustion. 
Autoroasting of sphalerite is theoretically possible,* and also practically, 
as was demonstrated in the experiments set forth. 

A diagrammatic drawing of the roasting furnace and accessory appa- 
ratus as erected is shown in Fig. 1. Here A is the furnace proper; B the 
two stoves, heated by natural gas, that preheat the air; and C, the Cottrell 
electric precipitator for the precipitation of flue dust and fumes carried from 
the furnace by the gases, which in a commercial plant would pass to a 
sulfuric-acid plant. At B. is the gas supply for the stoves; X is the dust 
chamber, and G is the cycloidal blower that furnishes air to carry the ore 
in suspension in the furnace. The dried, preheated ore (60® to 100® C.) 
is charged into the hopper 1 whence the endless screw 2, operated by a 
variable-speed electric motor 3, discharges it into a pipe 4, directly above 
the nozzle 5. A stream of high-pressure (20 to 60 lb.) moderately pre- 
heated air is discharged through this nozzle in such quantity as to carry 
readily the fine ore in suspension into pipe 7, on the injector principle. 
Pipe 7 is of larger diameter than pipe 4 and is lined withTef ractory material ; 
it serves as the main injector pipe into the furnace. Air, heated to 
approximately 800® C., passes from one of the stoves B to the injector 
pipe 7, through the supply pipe 9; this is the main air supply for 
roasting the ore. 


* The work was carried out for Mr. Jones and the authors wish to make grateful 
acknowledgment to Mr. Jones and Mr. Chase for much aid and many valuable 
suggestions. 

’ J. W. Richards:. ''Metallurgical Calculations/' 1 vol. ed., 620. McGraw*Hill 
Book Co., Now York. 

W. R. Ingalls: Autogenous Blende Boasting. Min, d: Met, (1922), 8, 11. 
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The amount of air supi^ed is governed by two principles: (1) The 
quantity must be correct to roast the ore and to furnish a gas of the cor- 
rect composition for the manufacture of sulfuric acid. Every pound of 



sphalerite requires 35.7 cu. ft. of air (standard conditions) to convert 
the zinc to oxide, the sulfur to dioxide, with enough more oxygen to con- 
vert this into the trioxide. Some excess must be carried; in the experi- 
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ments from 41 to 55 cu. ft. and sometimes 75 to 100 cu. ft. was used, as 
measured by a meter. (2) There must be such a relation between the 
quantity of air per minute and the area of the riser tube 10, that the velo- 
city of the ascending air current will be enough to carry the largest ore 
particle to the top of this tube and over the edge. Fig. 2 gives definite 
data on this point for sphalerite. Fortunately the requirements for 
both conditions can readily be fulfilled. 

The mixture of ore and high-pressure air from pipe 4 enters the main 
injector pipe 7 with a rotary motion and is caught by the ascending hot 



J'lG. 2. — SPHAliERITE SUSPENSION CURVES FOB SPHERICAL SHAPES; SPECIFIC ORAVITT 

4.1. Plotted from Rittinoeb’s formula. 

air from the pipe 9 and injected into the riser tube 10. The fundamental 
idea is to have the temperature of the ore-air mixture at the ignition point 
of zinc sulfide, which varies between 650® and 810° C., depending on the 
size of the particle^ as it leaves the injector tube to enter the riser tube, so 
that the full time of the ore particle in the furnace will be available for 
oxidation. After leaving the riser tube 10, the ore particle into the 
annular space 11, the area of which is hu^e so that the natural velocity 

* B. M. O’Hana, Wniiam Kahlbatim, E. S. Wheeler, and W. J. Darby: Effect of 
Oxygen-enriohed Air in Boasting Zinc Ores. Issued as Flqier No. 1302-M, witii 
Mining and Metallurgt (March, 1924). 
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of fall shall not be augmented by the velocity of the descending gases. 
It is the belief of the authors that the gas envelope surrounding the ore 
particle is constantly changing; thereby causing fresh oxygen to be sup- 
plied to the particle. 

The time necessary for the roasting is furnished by the passage of the 
ore up the combustion tube 10 and its fall into the n.Tinnlfl.T space 11. 
This time depends on the height of the furnace, the length of the path of 
travel being practically twice the height of the furnace, also on the 
velocity of tiie ascending air current in the combustion tube. Assuming 
a definite ratio of cubic feet of air per pound of ore, the velocity will be 
determined by the area of the combustion tube. Definite figures on 
this point are given later. In any given furnace, i. e. a fixed area of com- 
bustion tube, there is a certain variation allowable in the velocity of the 
ascending gas current, obtained by varying the amount of air, which will 
then vary the time of the ore in the combustion tube. Too high a 
velocity, obtained either by too much air only or too great an ore feed 
with its corresponding increased amount of air, will shorten the time ele- 
ment so much that the sulfur is not sufilciently eliminated. The greater 
part of the ore collects in the hopper 14; the gases and fine dust pass, 
through openings 12, into the flue 13, thence to the settling chamber X, 
where the coarser dust is settled out, thence to the Cottrell precipitator 
C for the precipitation of the finest dust and fume. 

Thirtt-poot Experimental Furnace* 

The design of the 30-ft. experimental furnace was, as far as possible, 
based on the results obtained in the previous work but was limited by 
lack of space and the capacity of the stoves, blowers, gas supply, etc. 
The stoves had been erected for the small furnace already described and 
were known to be inadequate for the larger furnace, but no space was 
available for enlarging them. It was also desirable to keep the expense 
as low as possible, so that some things that would have aided in the work 
were omitted. 

The furnace consisted essentially of a brick stack (Fig. 3) approxi- 
mately 30 ft. in height from the base plate to the top of the cover arch. 
The base plate and support rested on 4-ft. reinforced concrete posts, 
thus making the total height about 35 ft. The space between the posts 
provided room for the calcine hoppers and air and feed inlets and a pit 
provided the additional space necessary for the cleaning of tools and for 
making repairs. 

The stack was built of two concentric firebrick circles 24 and 36 in. 
internal diameter; the space between these circles was filled with mineral 
wool. Somewhat larger circle brick were used near the bottom of the 


•U.S. Pat. 1273844. 
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stack to increase the stability. No steel shell was placed outside of the 
brick, though such a shell would have aided greatly in the construction 
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Fig. 3. — ^Expebimental boasting pubnace. 


of the furnace and in carrying on the tests. The top of the stack was 
closed by fiipclay slabs, a small circular hollow tile being set at the center; 
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a gate at its top pennitted the interior of the furnace to be watched 
while operating. Two hoppers at the bottom of the stack collected the 
greater part of the roasted ore. Above these hoppers, and spaced at 
equal intervals around the stack, were four openings to the flue that led 
to the settler and to a small Cottrell precipitator. 

Concentrically with the walls of the stack was placed the riser, or 
combustion tube, which extended from below the hoppers to within 
about 5 ft. of the furnace top. This tube, in the earlier trials, was made of 



9-in. hexagon stove tile but later 12-in. cylindrical tile was used. The 
a nnular space between the combustion tube and the stack walls served as 
a downtake for the products of the roast. 

The injector nozzle entered the bottom of the combustion tube for 
about 5 ft., thus placing its delivery point about 2^ ft. above the base 
plate of the furnace. The nozzle was a 2-in. fireclay tube and connected 
at its lower end with a pipe or mixer, into which the air and ore were 
injected from the stoves and feeder respectively. 
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Stoves 

The two stoves were of the central combustion type, the combustion 
tube being made of 9-in. hexagonal stove tile. The checkers were made 
of 2 by 2 by 9-in. brick laid to provide the maximum heating surface. 
A shell with top and base plates insured airtight conditions. 

The stoves were 4 ft. in diameter, and 10 ft. in height. The usual burner, 
cold-blast, hot-blast, and flue openings were provided; the stoves were 
heated with natural gas. 

Hot-blast mains connecting the stoves to the mixer of the furnace 
were 6-in. iron pipe lined with 4-in. fireclay flue liners, and covered with 
heavy asbestos insulation. Connections were provided between this 
pipe and the cold-air supply so that the temperature of the air entering 
the furnace was always under control. A bypass was provided at one 
point so that the air could be sent through a rotary gas meter at intervals; 
the metering was done cold and corrections made to temperature 
and pressure. 


Feedeb 

The feeder used was a modified Dimn pulverized coal feeder. Certain 
parts, originally made of brass, were later replaced by high-speed, hard- 
ened, tool-steel parts to avoid excessive wear from abramon by the ore. 
A screw conveyor carried the pulverized ore from the bottom of a hopper 
to a pipe in which a suction was produced by a compressed-air jet issuing 
from a or nozzle past its lower end. The ore was carried, 

by an expanding compressed-air current, toward the mixer and injector 
pipe. The connection into the mixer pipe was made tangentially and also 
inclined upwards so that the ore and air mixture met the hot air from the 
stoves in a riring spiral and thus thoroughly mixed the hot air and ore 
before they entered the combustion tube. 

Approximately 10 cu. ft. of free air compressed to 60 lb. per sq. in. 
was necessary per pound of ore to carry the ore from in front of the 
l^-in. or nozzle into the mixer. At times, even this amount was 

insufficient to prevent stoppage of the pipe, so the amoimt of air was 
increased at intervals to remove any accumulations by the arrangement 
shown in Fig. 5. 

Seven thermocouples were placed in the furnace; four being placed 
in the combustion tube as shown, one in the mixer just below the base of 
the injecting nozzle, one in the downtake at the exit to the flue, and one 
in the downtake 20 ft. from the base plate. Lead wires were run to a 
central galvanometer station where readings were taken throughout 
each test. 
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Fio. 5. — ^Fbkoing dkvicis or expesimental foknace. 
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Table 1. — Furnace Record 
(12-in. Combustion Tube) 


1 

Time 

i 

1 

Temperature. Degrees C. 

1 

i 

Per Cent. Sulfur 
in Roasted Ore 

Per Cent. 
SOt in Gas 

Cu. Ft. 
Air per 
Pound 
Ore 

Pounds 
Ore Fed 

Mixer 

Combustion Tube 
Distance from Furnace Base 

4 Ft. [ 

12 Ft. 

22 Ft. 

28 Ft. 

Hopper 

Flue 

A.M. 


1 







1 


9.55 

275 

850 

940 

890 

965 

7.0 

5.4 

5.2 

57.3 

160 

10.10 

295 

840 

930 

890 

975 



5.2 



10.25 

375 

830 

930 

890 

975 

7.1 

3.5 

5.3 



10.40 

350 

830 

930 

880 

975 



5.3 


160 

10.55 

365 

825 

940 

890 

985 

7.4 

4.9 

5.1 



11.10 

365 

825 

940 

890 

995 



6.9 

51.2 


11.25 

350 

805 

940 

890 

975 

7.8 

5.5 

5.3 


160 

11.40 

405 

815 

930 

890 

985 



3.03 

55.4 


11.55 

395 

S25 

940 

900 

1005 

8.0 

5.4 

5.3 



P.M. 











12.10 

315 

830 

940 

900 

1030 





160 

12.25 

340 

830 

950 

915 

1030 




55.4 : 


12.40 

315 

840 

950 

915 

1040 

5.1 

5.0 



160 

12.55 

350 

830 

950 

925 

1040 



7.5 



1.10 

350 

830 

955 

930 

1055 

7.0 

5.0 

6.8 

40.7 

160 

1.25 

375 

830 

965 

950 

1085 



6.8 

1 


1.40 

365 

840 

965 

950 

1110 

6.6 

4.8 

5.6 


160 

1.55 

375 

850 

975 

950 

1110 

5.9 

4.4 

5.5 



2.10 

375 

850 

985 

955 

1100 

5.4 

3.8 

5.2 

44.7 i 

160 

2.25 

375 

840 

975 

950 

1100 

2.5 

2.2 

3.8 

1 


2.40 

375 

850 

985 

955 

1125 

2.5 

2.3 

3.9 


160 

2.55 

365 

850 

985 


1155 

2.3 

3.1 

4.1 

44.7 


3.10 

375 

850 

995 


1190 

3.3 

3.5 



160 

3.25 

385 

850 

995 


1195 

4.3 

3.8 

3.2 

32.6 


3.40 

425 

855 

1010 







160 

4.10 

250 

855 

1020 


1125 



4.5 


160 

4.15 

215 

855 

1020 


1135 






4.25 

165* 

865 

1030 


1120 

4.3 

3.7 

4.5 



4.30 

150 

865 

1030 

1 


1170 



i 




* Lowering of mixture temperature due to shutting off the stoves. Cottrell 
apparatus in service during the run, results good. 

General samples from the products accumulated during the run showed these 
sulfur contents: 

Entxkb Run Mobnxno Run Aftbenoon Run 


Hopper 5.8 8,2 3.7 

Blue 5.9 3.5 

Settler 5.5 

Cottrell 6.0 


This run began 1 hr. before the time indicated (9:55) but conditions did not permit 
sampling, and adjustments caused unreliable results previous to those shown. 

Total ore fed during the entire run, 2^)80 lb.; of tlus 160 lb. were fed before begin- 
ning the record. 
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Bubnebs 

Openings for oil burners were provided at intervals of 8 ft. throxighout 
the height of the furnace. These openings were placed tangent to the 
inside circumference of the downtake. The burners were for the purpose 
of bringing the furnace to the operating temperature and were not used 
after such a temperature was reached and feeding of ore had begun. 

The products of combustion of the oil heating were taken off at ilie 
top imtil the burners were going well, when the top was closed and the 
draft directed through the flues near the bottom of the stack. After a 
temperature of 800® to 1000® C. in the furnace had been reached, the 
burners were shut off, the burner openings closed, and the ore and air 
feed started. Adjustments of ore and air feed were then made as indi- 
cated necessary by the SO* content of the gas, temperature conditions, 
and quality of roasted product. The furnace responded readily to such 
adjustments, but the time permitted for the test was not sufficient to 
permit adjustments to the best results possible.* 

Results 

In order to increase the capacity, the 9-in. tube was replaced by a 
12-in. This tube was of specially made tile with 1^-in. walls, which 
restricted the area of the downtake more than was desirable and probably 
resulted in slightly poorer results than could have been obtained if the 
diameter of the furnace had been increased in proportion to the increase 
in the diameter of the combustion tube. Such a change, of course, was 
impossible without completely rebuilding the furnace. 

Table 1 gives the results of a test made with the 12-in. tube. The 
temperature at the top of the furnace increased beyond that which was 
desirable, so in the last run cold air was admitted at 20 ft. from the base 
plate, thus providing for a complete control of the temperature and 
preventing the hot top. When cold air was thus admitted, it was neces- 
sary to reduce the amount of air fed with the ore, which meant a lowering 
of the velocity in the combustion tube and resulted in an increase in the 
bottom temperature. This increased bottom temperature, in turn, 
permitted the reduction in the temperature of the air coming from 
the stoves. 

It was thought that accretions would form in the combustion tube 
during the roasting but, with one exception, no trouble was encountered 
from this source, even though the temperatures at times were allowed to 
go beyond those that would be permitted in practice. Some little diffi- 

* The furnace could not be operated for more than 12 hr. aa power was available 
only during the day. The capacity of the furnace was horn 200 to 270 lb. per hr. 
Usually the furnace was in the best operating condition at the time it had to be shut 
down. 
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culty developed at points near the oil burners, as in preheating the 
temperature in these regions was necessarily higher than the intermedi- 
ate zones. The temperature of the various zones, however, were quickly 
equalized and no trouble was encountered during the first few tests in 
the furnace, the combustion tube being clean at the end of ihe test; in 
later tests, however, after some dust had collected in crevices of the tube, 
the overheating at the burners caused some slagging between the dust and 
fireclay, thus developing starting points for accretions.^ It is not thought 
that this would cause any trouble in practice for, after the furnace is in 
operation, it will continue so for a considerable time. In this experi- 
mental work, the operations were necessarily short and at infrequent 
intervals, which meant repeated heating of the furnace with consequent 
trouble from slagging. 

The gases and fine dust were taken from the furnace into the flues 
through four openings equally spaced around the base of the stack. The 
flue led first into a settling box, in which the rate of flow of the gases was 
reduced and screens prevented the channeling of the currents. From 
this settler, the gases passed through a small Cottrell precipitator for 
final cleaning. The cleaning was very effective, though this end of the 
operation was given but little attention. The Cottrell equipment con- 
tained four 10-in. tubes 16 ft. long which were thoroughly groimded. 
In the center of these 10-in. pipes, and connected with the 50,000-volt 
line, were suspended, on insulators, pipes fitted with four kifen 

edges at right angles to one another. The 400-volt alternating current 
was stepped up to 50,000 volts and rectified by a Kenetron. 

The flotation concentrate used in the furnace was a complex sulfide 
containing 31.4 per cent, sulfur, 44.3 per cent, zinc, 11.6 per cent. iron. 
The results of the roasting of this material and conditions existing during 
the roast are given in Table 1. These show a minimum sulfur content in 
the roasted product of 2.2 per cent, and 3.5 per cent, for an afternoon 
period after the furnace had been adjusted to best running conditions. 
Other tests gave continuous results of slightly over 2 per cent, sulfur. 

Tables 2, 3, and 4 show the forms in which the sulfur existed in the 
roasted product. The particular point of interest in these results is that 
the sulfur existed largely as sulfate and the quantity as sulfide was small. 
Table 2 shows the per cent, of SOs in the gas corresponding to the roasted 
ore samples. It is evident that the concentration of gas had no effect 
in preventing the completeness of the roast; i. e., the sulfur is not bi gber in 
roasted products produced in higher SO 2 concentration. 

* In a large furnace, described later, provision was made for cleaning the furnace, 
should that be required. It is not probable that in roasting sine conooitrate accre- 
tions will be a serious matter, but in roasting copper concentrate high in iron, trouble 
would develop with ordinary fireclay rdractory parts. These would be avoided in 
large part by the use of a chromite or carborundum interior lining and combustion tube. 
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Table Z.—Log of SOt in Gaaet and Corresponding Sulfur Content of 

Calcines 


(These results are from the run covered by Table 1, Aug. 23, 1916) 



higher furnace temperatures, as shown by Table 1. 
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Table 3. — Screen Analyeee and Sulfur Content of Roasted Product 


(Run of May 22, 1916) 


Screen Test 

Analsrsis 

Sulfate 8 
totals 

Meeh 

Per Gent. 

Total S, 
Per Cent. 

Sulfate S. 

Sulfide S. 

Through | On 

Per Cent. 

Per Cent. 



General hopper sample, 287 lb., or 44.1 per cent, of total calcines 



40 

0.3 





40 

60 

0.6 





60 

80 

6.3 


1 



80 

100 

6.2 





100 

120 

11.4 

7.76 

1.89 

5.87 

24.3 

120 

150 

8.0 





150 

200 

11.7 

5.02 

2.84 

2.18 

56.5 

200 


55.5 

2.63 

1.87 

0.76 

71.1 

Original sample 



4.53 

1 

1.83 

2.70 

24.8 


General flue sample, 113 lb., or 17.4 per cent, of total calcines 


1 

1 

40 

tr. 





40 

60 

0.5 





60 

80 

1.0 





80 

100 

1.8 





100 

120 

4.1 

8.08 

4.32 

3.76 

53.4 

120 

150 

4.2 


i 



150 

200 

6.7 

7.54 

4.57 

2.97 

60.6 

200 


81.7 

6.03 

4.92 

1.11 

81.6 

Original sample 



6.11 

4.90 

1.21 

80.2 


General settler sample, 185 lb. or 28 per cent, of total calcines 



40 

0.1 


1 



40 

60 

0.1 





60 

80 

0.6 





80 

100 

1.0 





100 

120 

4.4 

9.71 

3.74 

5.97 

38.5 

120 

150 

1.4 





150 

200 

5.6 

8.63 

4.00 

4.63 

46.3 

200 


86.8 

6.05 

5.30 

0.75 

87.7 

Original sample 



6.46 

5.06 

1.40 

78.2 


General precipitator sample, 64 lb. or 6.8 per cent, of total calcines 



40 

0.6 





40 

60 

0.2 





60 

80 

0.2 





80 

200 

0.2 





200 


98.8 

6.99 

6.65 

0.34 

95.1 

Original sample 



7.18 

6.85 

0.33 

95.4 


Nora. — During this run the 80t content of the gas in the furnace was fairly constant at 9 to 9.5 
per cent, during the greater part of the run. 

Hopper sample is calcine ooUeoted from the hoppers of the furnace; flue sample is oaldne cleaned 
from the horisontal flue leading to the settler; settler sample is caldne taken from the settler; precipit- 
ate or sample is caldne taken from the Cottrell predpitator. The coarsest material was from the hopper 
and the flnest from the predpitator. 
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Table 4. — Screen Analyses and Sidfur Content of Boasted Product 
(Run of Aug. 23, 1916; these results are those covered by Table 1) 


Scraen Teat 

Analyaia 

Sulfate 8 
Totals 

Meah 

Per Cent. 

Total S, 
Per Cent. 

Sulfate S, 
Per Cent. 

Sulfide S, 
Per Cent. 

Throuth 

On 


General hopper sample 


! 

1 

40 

0.0 

i 

i 

i 



40 

60 

1.6 



1 


60 

80 

8.9 


! 

1 1 



80 

100 

8.1 


( 



100 

120 

9.3 

8.7 1 

1 1-74 1 

7.0 

20.0 

120 

150 

11.5 


1 


1 

150 

200 

10.6 

6.2 

2.31 i 

3.9 

37.3 

200 


49.1 

3.0 

2.88 1 

1.0 

73.8 

Oripnal sample 


1 5.8 

2.35 1 

3.4 

40.5 


General flue sample 



40 

0.4 

i 

i 


j 

j 


40 

60 

0.2 



I 


60 

80 

0.8 





80 

100 

1.7 





100 

120 

2.3 1 

9.6 

3.17 

6.4 

33.0 

120 

150 

4.0 1 





150 

200 

4,4 1 

8.3 

3.41 

4.9 

41.1 

200 


86.2 j 

5,6 

4.8 

0.8 

85.7 

Original sample 

i 

5.9 

4.58 

1.3 

77.6 


General settler sample 



40 

1 0.8 

i 

1 : 



40 

60 

0.2 





60 

80 

0.6 





80 

100 

1.2 





100 

120 

1.2 

9.0 

2.0 

7.0 ! 

22.2 

120 

150 

2.8 





150 

200 

10.2 

5.7 

2.99 

2.7 

52.6 

200 


83.0 

5.1 

4.29 

0.8 

84.2 

Original sample 


5.5 

4.08 

1.4 

I 

74.2 


General precipitator sample 


40 

200 

0,6 





200 


99.4 

6.0 

5.84 

0.2 

97.3 

Original sample 


6.0 

5.89 

0.1 

98.2 


Tables 3 and 4 show that the sulfur exists in the roasted product as 
sulfide and sulfate, and that the sulfate sulfur is predominant in the fine 
ore. This is shown not only by the genersil samples, of which the hopper 
stonples are the coarsest and the precipitator the finest, but also by the 
screen analysis of the roasted products. High sulfide sulfur is present 
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only in coarse material, which in total amount is insignificant in flotation 
concentrate. The total sulfur is highest, in general, in the finest product, 
but consists largely of sulfate sulfur. Work that cannot be detailed 
here reveals that this sulfate sulfur is not the result of an incomplete roast 
in the furnace, but results from a resulfatization of the roasted ore. This 
resulfatization is due to the relation between partial pressures of SO* and 
SO3 and the temperature existin g in the lower part of the furnace, in the 
settler, and in the precipitator. Generally, the partial pressure of the 
sulfur gases is such that no resulfatization of the calcine can take place if 
the furnace temperature is between 900® and 1000® C. But when this 
temperature falls to about 800® and below at the flues, the rapid resulfar 
tization of the ore commences. For example, it will be noted that in 
Tables 3 and 4, the minus 200-mesh material of the hopper samples, i. e., 
material separated from the furnace at high temperature and immediately 
cooled, is much lower in total sulfur, as well as sulfate sulfur, than material 
of the same size from the flue, settler, or precipitator samples, which were 
subject to the lowering critical temperatures in the presence of sulfating 
gas. When the aim of the roasting is a practically complete desulfuriza- 
tion, the furnace must be run hot and the calcines and gas rapidly cooled, 
or separated from each other as soon as they leave the furnace. If the 
roasting is carried out as a preliminary for sulfuric-acid leaching, as in 
the electrol 3 rtic-zinc process, the sulfating action of the furnace may be 
used to any desirable degree up to its maximum. 

The Pbopobed East St. Louis Fubnace 

An increase in height was provided for in the design of the 12-ton 
furnace it was planned to build at East St. Louis, but which was not 
completed because of the conditions brought about by the war. Fig. 
6 shows that the combustion tube is set to one side instead of concentric- 
ally with the downtake. With the concentric combustion tubs, it was 
necessary to place the furnace on posts to provide space for feed and air 
connections and for repairs. It was also difficult to make pyrometer and 
air connections from the outside to the combustion tube, at intervals 
throughout the height, and to provide support for the combustion tube. 
To overcome these objections,, the side combustion tube was designed. 

Air and Feed Arrangement 

Provision was made for bringing all the air for the roasting from the 
stoves through the mixer, as in the smaller furnace, or for splitting the 
current and havii^ a part of the air take this path and the remainder 
enter the combustion tube near the top of the injector nozzle. Pipe 
connections to hot- and cold-air sources were placed at intervals along 
the combustion tube, thus providing for an absolute control of tiie 
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cu. ft. of free air compressed to 60 lb. in the feeder used on the 
small furnace. 

The delivery pipe from the feeder was to be connected to the mixer 
pipe by the tangential and rising connection that was used on the smaller 
furnace. The same principle was also to be used in connectii^ the 
excess-air pipe into the combustion tube. 

SeUler 

The bottom, or base, plate of the combustion tube was to be raised 
about 10 ft. from the floor line, to provide for feeder and mr connections. 
The space opposite these connections in the base of the downtake was to 
be used for the settling chambers for the roasted ore. Accordin^y 
provision was made for the removal of the coarse product from above a 
bulkhead in the downtake at a point opposite the injector nozzle. The 
fines and gas were to be taken off, somewhat above this, through three 
radially placed flues, which flues in turn entered tangentially a settling 
chamber placed beneath the bulkhead just mentioned. This method of 
entry was to provide a circular or centrifugal motion for settling the dust. 
The gases and remaining dust were to be taken off through a flue passing 
upward and outward through the bulkhead, thence to the Cottrell 
precipitator. 

Heating the Air 

There are insufficient data as to how much of the air must be heated 
and to what temperature heating should be carried for the most efficient 
operation of the furnace. The effect of heated air on the behavior of 
the furnace and the ignition has been discussed and it is obvious that one 
of four methods must be used. 

1. Heating all the air and passing all of it through the mixer tube and 
into the furnace with the ore; this will require large stove construction 
and will not allow air changes in various parts of the furnace, as will be 
desirable for proper control. 

2. Heating all the air and passing only a part of it into the fiunace 
through the mixer, the remainder to be introduced into the combustion 
tube at various points; this method is not desirable as the heat is needed 
in the bottom of the furnace for heating the ore and bringing about 
early ignition. 

3. Heating none of the air; indications are that this will not be 
possible, as already explained. 

4. Heating a part of the air (say one-fifth), which will be passed into 
the furnace with the ore through the mixer, the remainder of the air to 
be admitted cold at points throughout the height of the furnace; this 
method will make all the stove heat avmlable for ignition and for holding 
down the combustion zone, and will permit the use of cold air for combus- 
tion and temperature control of the top of the furnace. Of course, the 
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stoves should be of am{de capacity and of such constraotion as to permit 
ntiATigiTig the temperature and amount of air going into any part of the 
furnace as may be found necessary. 

Under the first condition, assuming that 300** C. is necessary for mixer 
temperature, the air in a 50-ton furnace will have to be heated to 350** 
in order to heat the ore, if it is being fed cold. If the ore is taken direct 
from the dryer, this temperature may be reduced somewhat. 

The autiiors calculate that three stoves of the following dimensions 
will readily take care of a 50-ton furnace: 1060 sq. ft. heating surface, 
246 flues, 4 by 4 in. in cross-section, 14 ft. long, and 3)4~in. walls; total 
height allowing for gas and air ports, fo\mdation and dome about 25 ft.; 
diameter about 12 ft.; cross-section of combustion chamber 12 sq. ft. 

Under ^e fourth condition, which seems the most rational, such 
stoves would be more than ample, but not necessarily inefficient, and 
would provide for emergencies where the heating of all the air was 
necessary. The ratio of fuel necessary for heating all the air to 250° to 
that necessary for heating one-fifth to 600° is about as 2.5 is to 1, which is 
quite a saving in favor of the fractional heating. 

Drying the Ore 

It is obvious that the feed for this type of furnace must be dry, or it 
will not pass the feeder and injector. It is likely that most of the con- 
centrate delivered at the roasting plant would have to be dried, so it was 
planned to do this drying with the waste heat in the gases leaving the 
furnace, by circulating them beneath the hearth of an ordinary kiln dryer. 

That there is sufficient waste heat available for this purpose is readily 
shown. In the experimental furnace, the gas left the furnace at 800° C. 
under conditions of best roasting. The volume of this gas (measured 
under standard conditions) was approximately 50 cu. ft. per lb. of ore 
roasted and was made up of about 8 per cent, sulfur dioxide; 10 per cent, 
oxygen, and 82 per cent, nitrogen. 

Assuming that these conditions are obtained in a 50-ton furnace; 

50 tons per day = 69.5 lb. or 31.5 kg. per min. 

69.5 lb. will produce 3475 cu. ft. per min. of gas. 

8.0 per cent, of 3475 = 278 cu. ft. SOf = 22.7 kg. per min 

10.0 per cent, of 3475 = 347.5 cu. ft. 0* = 14.1 kg, per min 

82.0 per cent, of 3475 = 2849.5 cu. ft. Nj = 101,7 kg. per min 

Further, assuming that the gas is lowered in temperature by 400° 
in passing the drier, the heat available there is: 

1. Sulfur dioxide: 

Heat capacity* at 800° C. is 1 X 800 (0.125 + 0.0001 X 800) = 164; 

164 X 22.7 = 3722.8 kg.-cal. 


' J. W. Richards: Loe. eit., 96. 
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H^t capacity at 400° C. 

66 X 22.7 - 1498.2 kg.-cal. 

Heat available from SOt 2224.6 kg.-cal. 

2. Oxygen: 

Heat capacity at 800° C. per » 181 cal. 

181 X 14.1 = 2552.1 kg.-cal. 

Heat capacity at 400° C. per kg. = 88 cal. 

88 X 14.1 = 1240.8 kg.-cal. 

Heat available from oxygen = 1311.3 kg.-cal. 

3. Nitrogen: 

Heat capacity at 800° C. per kg. = 207 cal. 

207 X 101.7 = 21051.9 kg.-cal. 

Heat capacity at 400° C. per kg. = 100 cal. 

100 X 101.7 = 10170.0 kg.-cal. 

Heat available from Nj = 10881.9 kg.-cal. 

Total heat available per minute; 

2224.6 + 1311.3 + 10881.9 = 14417.8 kg.-cal. 

Assuming 20 per cent, moisture in the ore, it will require 39.3 kg. of 
moist ore to provide the 31.5 kg. of dry ore. This means that 7.8 kg. of 
water must be evaporated each minute, and 39.5 kg. of ore must be raised 
to 200° C. 

7.8 X 650 = 5070 kg.-cal. to evaporate H»0 
31.5 X 185 X 0.16 = 932 kg.-cal. to heat ore 
Total 6002 kg.-cal. to heat and dry ore. 


Heat available in gas = 14417.8 kg.-cal. 

Heat required to dry == 6002 kg. cal. 

8415.8 kg.-cal. in excess 


6002 X 100 
14417.8 


= 41.6 per cent, efficiency of dryer necessary, which 


is 


easily obtmnable. 

It is, therefore, evident that the necessary heat is available for drying 
and heating the ore. If this heated ore is fed without cooling to the 
furnace, the temperature of the mr from the stoves may be reduced 
somewhat from that necessaiy when cold ore is fed. As this amount of 
waste heat was actually delivered by the small experimental furnace, it is 
clear that enough heat would be available for completing the roast and 
maintaining furnace temperatures. As this was possible with a Bmall 
furnace with a high radiation factor, it would be more readily 
accomplished in a larger well-insulated furnace. 

The dried ore from the dryer will contain some lumps, formed in the 
drying, and some coarse particles that will not work wdl in the feeder; 
it was planned, therefore, to interpose a vibrating screen between the 
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dryer and the feed hopper to remove these, insuring a satisfactory feed 
at all times. 


Capacity 

The capacity of these furnaces will vary as the square of the diameter 
of the combustion tube. .This is substantiated in the results from the 
9-in. and 12-in. combustion tubes used in the experimental furnace, which 
had capacities of 2.0 and 3.6 tons per 24 hr., respectively. Assuming 
similar conditions as to ratio of air and ore, and the velocity in the combus- 
tion tube, the diameter necessary in the tube of a 50-ton furnace will 
be 45 in. It may be that for a furnace of this capacity it would be 
better to use two tubes having a combined area equal to 45 in. diameter, 
i. e., 32 in. diameter each. Such an arrangement would provide for 
repmrs in feeders, nozzles, and injectors on a part of the furnace without 
complete shutting down the fiimace, with attendant cooling. 

Tabus of Estimated Factoks fob 50-ton Fdbnace, Opebatino undeb Avebaqe 


Conditions 

Assumed capacity per day 50 tons 

Net area of upcast tube 1590 sq. in. 

Net area of downcast tube 7590 sq. in. 

Hei^t from nozzle tip to top of upcast 61 ft. 

Capacity of stove, per minute, to heat air from 0“ to 350® C 1500 cu. ft. 

Totid fuel (oil or gas) mainly for heater to furnish per day B.t.u. 

Compressor rating, per minute 1500 cu. ft. 

Air pressure for compressor, per square inch 30 lb. 

Blower rating (cycloidal) per minute 5000 cu. ft. 

Cottrell treater capacity, gas per minute (standard cond.) 4000 cu. ft. 

Labor (per shift) 2 men 

Power requirements for compressor, blower, dryer, feeder,etc 26 kw. 


DISCUSSION 

G. E. Dailey, East Berlin, Conn. — ^What would be the effect on 
the formation of sulfates of an increased water vapor content in the 
roasting gases? 

Chables H. Ftjlton. — ^I cannot answer that from our experience. 
The question of the formation of sulfate in the roasting of zinc is mainly 
one of temperature and the concentration of SOz and SOs in the gases. 
We found we could roast almost completely to sulfate if the concentration 
was kept at the proper point. We, however, did not care to do' 
this because we wished to make [a 5 to 6 per cent. SO* gas for 
sulfuiio-acid . work. 

The sidfating of the zinc oxide in the proper concentration of gases 
goes on very rapidly. There are certain places in the furnace system 
such as the Cottrell and in a part of the dust chamber in which the roasted 
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ore is subjected for a considerable length of time to the passage of these 
gases, SOi and SO<r and in which the zinc was almost completely con^ 
verted to sulfate. 

C. S. WiTHEBELL, New York, N. Y. — Does the presence of iron 
have any bearing on that? 

Chabdes H. Fulton, — Yes, a very great bearing. There has been 
some work published on the roasting for zinc-sulfate formation, that 
does not take into account the presence of iron. But the formation of 
sulfate undoubtedly is greatly aided by the decomposition of sulfates 
such as iron — ^no question about that. It is much easier to roast a zinc 
blend containing an appreciable proportion of iron to sulfate than is a 
blend without iron. 

Abthub S. Dwight, New York, N. Y. — ^Is it not a disadvantage that 
the final gases, just as they leave the furnace, are in contact with the 
final product? In other words, the gas with the highest percentage of 
SOs and SO* comes in contact with the oxide of zinc, tending to reverse 
the reaction, and form zinc sulfate again. 

Chables H. Fulton. — That is a decided disadvantage; the only cure 
is to make that separation at a temperature above the breaking-down 
point of the zinc sulfate, which is about 700° C. 

Abthub S. Dwight. — Is not that rather close to the temperature at 
which the reaction reverses itself? 

Chables H. Fulton. — ^It is. That reversal is also a function of the 
SOs and SOs. 

B. M. O’Habba, Rolla, Mo. — ^Last year we ran several series of roast- 
ing experiments in a small laboratory roaster, roasting ordinary Joplin 
blende with air that we had enriched with various proportions of oxygen. 
We ran several series at 850° C., and a few at 800° C., and found that there 
was very little tendency to form zinc sulfate until the sulfide was com- 
pletely decomposed. That is, the main body of the ore did not contain 
very much sulfate until the sulfide was gone; but if this main body of 
ore, after the zinc sulfide was aU oxidized, was left exposed to the SO* 
gases coming from parts of the furnace still containing incompletely 
roasted ore, zinc sulfate would be formed by sulfatization of zinc oxide. 
Our roaster gases were considerably richer in SOt and SOt than those 
described in this paper. 

Chables H. Fx^ton. — The decomposition point is very close to 
750° with a concentration of, we will say, 5 per cent. SOi gas and with 
SOt present. 
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Kttbt Stock, Fish Creek, Wis. — believe it will be found almost 
impossible to decompose the zinc sulfate that forms in the furnace, at 
least in this roaster. We have always fotmd that decomposition of 
once formed zinc sulfate cannot be accomplished to any worth while 
extent. In all the established t3rpes of roasters, the current of the gases 
is contrary to the movement of the ore; in other words, the ore is sepa- 
rated from the gases as rapidly as possible so as to prevent sulfatization 
In this furnace, the roasting ore moves with the gases, which constantly 
get richer in SOt and SOt. The solution lies in separating the ore from 
the gases as quickly as possible to prevent the formation of zinc sul- 
fate, rather than try to decompose it afterwards. 

Chables H. Fulton. — ^That is the point. We do not wish to form 
sulfate so that we need not decompose the sulfate after it is formed, 
hence we endeavor to prevent the formation of sulfate by making the 
separation of gas from ore at a sufficiently high temperature so the 
formation of sulfate does not occur with falling temperature. In this 
furnace, the main body of the ore drops from the gases into hoppers in 
the lower part. The only ore that is in contact with the gases is that 
which is carried over into the dust chamber and into the Cottrell. 

G. L. Ostgben, New York, N. Y. — ^Approximately how long do the 
ore particles stay in the furnace proper during the roasting? 


Chables H. Fulton. — In this 30-ft. furnace, about one minute. 
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Recovery of Arsenic and Other Constituents from Speiss 

Clasbncb P. Linviixe,* Euzabeth, N. J. 

(New York Meeting, February, 1925) 

Fulton^ says: “Speiss is an artificial arsenide of iron containing 
smaller amounts of other metals. In constitution it is similar to a matte 
except that arsenic replaces sulfur.” For the purposes of this paper it 
will be necessary to broaden the definition, and I propose the following: 
Speiss is an artificial mixture of arsenides, of which arsenide of iron may 
be taken as a t 3 rpe, but iron may be replaced in part or wholly by other 
metals (such as copper, nickel, cobalt, lead and zinc) and the arsenic 
may be replaced in part or wholly by antimony. In addition to antimony 
and arsenic, speisses often contain sulfur. Speisses usually also contain 
both silver and gold. Table 1 illustrates the variations that may 
be encountered. 


Table 1. — Speiss Analyses 



Eureka* 

1 

o 

Omaha 

Leady* 

Perth Amboy 
Blast 

Furnace^ 

Conoentrated 

Nickel 

Speiss* 

Concentrated 

Nickel 

Speiss* 

Metals 

Chenoucal 

Co.« 

Arsenical 

Copper* 

Gold, ounces 

i 

0.84 

0.74 

1 

1.4 

; i 

2.0 

2.85 

6.68 


1.56 

Silver, ounces 

i 

52.0 

84.6; 

78.0 

93.6 1 

157.3 i 

205.8 

365.2 

Iron, per cent 

67.02 

33.0 

20. 9| 

9.1 

1.50; 

1.9 

12.8 i 

0.22 

Copper, per cent 

1.06 

6.24 

15.0 

12.4 

9.4 

7.6 

0.25 

40.9 

Lead, per cent 

2.18 

3.6 

12.2; 

0.2 

3.5 

0.8 


2.2 

Nickel, per cent 


13.4 

8.6! 

19.18 

28.2 

20.35 

20.8 

20.2 

Cobalt, per cent 

1 


2 . 5 ; 

2.5 

5.80. 

4.55 

21.5 


Zinc, per cent 

0.07 

1 







Arsenic, per cent 

32.95 

30.4 

! 30.6 

1 29.00 

21.0 , 

27.0 1 

35.6 

16.0 

Antimony, per cent 

0.13 

6.7 

1 

11.70 

17.3 

23.5 I 


12.0 

Sulfur, per cent 

3.34 

1 



j 


6.28 

1 

i 

i 

0.8 


•H. O. Hofman: “MetaUuigy of Lead,” 386. N. Y., 1918. McGraw-ffill 
Book Oo. 

* Prom Perth Amboy Analyses. 

* Metals Chemical Co., Welland, Ontario. 

* Metallurgist, Caloo Chemical Co., Bound Brook, N. J. 

‘ General Metallurgy, 229. N. Y., 1910. McGraw-Hill Book Co. 
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Attention is called to the high concentration of gold in some of these 
sunples. Hofman* sa}^: “As regards the presence of precious metals 
the fact is to be noted that speiss retains considerable amounts of gold, 
whereas very little gold is found in matte. Speiss assays show from a 
trace to 0.5 oz. gold per ton. The presence of metallic iron in speiss 
furnishes an explanation for the excess of gold over silver usually foxmd, 
as iron has a strong affinity for gold.” 

In some of the analyses given, gold to the extent of 6.5 oz. per ton is 
shown in speisses having only a small percentage of iron. I am inclined 
to believe that the explanation is that inasmuch as the concentration of 
speiss is a process in which the metals are removed in so far as possible by 
matting them out, the fact that silver forms a sulfide soluble in matte, 
while gold does not, allows the silver to leave while the gold remains 
behind in the concentrated speiss. 

Without question the problem of speiss treatment has been one of the 
most difficult that the metallurgist has been called on to solve. It is not 
the purpose of this paper to record the history of this problem and the 
various attempts to find a satisfactory solution, but to describe some of the 
methods that have been used in a period of over 10 years at the Perth 
Amboy plant of the American Smelting & Refining Co. If it were not 
for the presence of gold and silver, most smelter men would be content 
to have their speisses go to the slag dump, after a preliminary treatment 
for recovering a portion of their lead and copper contents. Concentra- 
tion processes for the removal of copper, lead, and silver can be profit- 
ably worked, but the problem begins when concentration can be carried 
no further, yet the concentrated speiss still contains considerable quanti- 
ties of both silver and gold. The presence of nickel, cobalt, and antimony 
.add greatly to the difficulty of further treatment. 

In order that the different points may be better imderstood I am going 
to consider the treatment of a type of speiss such as we have had to work 
with, showing the following analysis: 


Gold, oz. per ton 

0.76 

Cobalt, per cent 

1.8 

Silver, oz. per ton 

Lead, per cent 

201.00 

Arsenic, per cent 

18.7 

21.4 

Antimony, per cent 

4.6 

Copper, per cent 

30.1 

Sulfur, per cent 

3.4 

Iron, per cent 

10.0 

Zinc, etc., per cent 

2.1 

Nickel, per cent 

7.3 




The most satisfactory method for concentrating such a speiss that we 
found was to crush it to — 1 in., mix with about 20 per cent, of its weight 
of brimstone by shoveling the two together, then charge on the sloping 
hearth of an oil-fired reverberatory furnace having a magnesite floor for 
the sloping hearth. The fusion is conducted rapidly so that the molten 


* “Metafiorgy of Lead,” 386. N. Y., 1918. McGraw-Hill Book Co. 
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matte and new speiss fonned run into the body of the furnace, where 
they are aUowed to collect untQ sufficient is present to warrant tapping 
into pots. While probably good results could have been obtained by the 
use of a settler for separating the matte and speiss, we used nothing but 
hand slag pots. These were filled and allowed to cool; when cool the 
buttons were broken and the speiss separated from the matte. 

The sulfur efficiency is very high, from 70 to 80 per cent, of the sulfur 
used being found in the matte and speiss produced. There is an indica- 
tion of some arsenic evolution, but from 90 to 100 per cent, of that present 
in the original speiss will be found in the final concentrated speiss; the 
same is true of antimony. 

In general the limit of concentration is reached when the concentrated 
speiss contains about 45 per cent, combined arsenic and antimony. 
The order of removal of metals from speiss is: lead, copper, iron, cobalt, 
nickel. We have found it possible to produce, by this method, concen- 
trated speisses having the following analyses: 



No. 1 

No. 2 

No. 3 

Gold, ounces 

2.85 

6.68 

2.66 

Silver, ounces 

93.6 

157.3 

104.5 

Lead, per cent 

3.5 

0.8 

0.2 

Copper, per cent 

9.4 

7.6 

12.8 

Iron, per cent 

1.5 

1.9 


Nickel, per cent 

28.2 

20.35 

31.8 

Cobalt, per cent 

5.8 

4.55 


Arsenic, per cent 

21.0 

27.0 

29.2 

Antimony, per cent 

17.3 

23.5 

12.8 

Sulfur, per cent 


6.28 

7.8 


In cases where the arsenic and antimony percentage totals nearly 40 
per cent, sulfur treatment would cause but little concentration; it is 
then necessary to reduce the amoimt of arsenic in relation to the cobalt 
and nickel present. I have always aimed, in speiss concentration, to 
have only sufficient arsenic and antimony present in the charge to give a 
speiss with 30 per cent, total nickel plus cobalt, and 44 per cent, total 
arsenic plus antimony. In other words, I have endeavored to have the 
ratio of the sum of arsenic plus antimony to the sum of nickel plus cobalt 
*fi 0 ‘ This can be brought about by mixing raw imconcentrated speisses, 
or by making up the charge in part or wholly of roasted speiss. 

From the type speiss above given, the sulfur requirement will be: 


PXB CbNT. 

Lead 21.4 per cent. X 0.156 =• 3.32 

Copper 30.1 per cent. X 0.254 - 7.64 

Iron lO.Oper cent. X 0.671 - 5.71 


16.67 
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By smelting with 18 per cent, of its weight of brimstone, I should expect 
to get 53 per cent., by weight, of new speiss and 65 per cent., by weight, 
of matte. 


Pwt rP** 

COMOBNIBATID SPSIM MaTTB ^ o5** 

Total Total 


Gold, ounces 

.. 1.29 

90.0 

Gold, ounces 

... 0.120 

10.0 

Silver, ounces 

Copper, per cent 

.. 37.1 

12.0 

Silver, ounces 

Copper, per cent 

... 335.6 

88.0 

.. 12.06 

21.2 

... 36.5 

78.8 

Lead, per cent 

.. 4.3 

10.7 

Lead, per cent 

... 29.4 

90. 

Iron, per cent 

.. 10.0 

53.2 

Iron, per cent 

... 7.2 

47 

Nickel, per cent 

.. 13.1 

95.0 

Nickel, per cent 

... 0.66 

5.0 

Cobalt, per cent 

.. 3.0 

90.0 

Cobalt, per cent 

... 0.28 

10.0 

Arsenic, i>er cent 

.. 35.2 

100.0 

Sulfur, per cent 

... 23.00 


Antimony, per cent 

... 8.6 

100.0 




Sulfur, per cent 

... 7.2 






This speiss is not suflSiciently concentrated, but cannot be improved 
without the removal of some of its arsenic and antimony. 

If it be crushed to —20 mesh and roasted on a mechanical roaster, 
the arsenic content can be reduced to, say, 17 per cent, and the antimony 
to, say, 5 per cent. During such a roasting the change in weight is almost 
negligible, so that except for the reduction in the percentage of arsenic, 
antimony, and sulfur, the analysis of the roasted material will be the same 
as of the raw concentrated speiss. If this roasted product is mixed with 
sulfur and some coal to reduce the oxides, and then fused as before, a new 
matte and concentrated speiss will be obtained. From 53 tons of first 
concentrated speiss, mixed with 8 tons of sulfur, there will be obtained: 


Gold, ounces 

Silver, ounces 

Lead, per cent 

Copper, per cent. . 

Iron, per cent 

Nick^ per cent. . . 
Cobalt, per cent. . . 
Arsenic, per cent. . 
Antimony, per cent 
Sulfur, per cent 


26.5 Tons 10 Tons 
Nickel Spsiss Mattb 


2.32 

0.68 

36.40 

144.7 

2.00 

17.6 

10.00 

37.36 

7.00 

34.65 

25.7 

1.25 

5.9 

0.66 

34.0 


10.00 


7.00 

23.00 


By conducting the roast in connection with settling chambers and bag 
house, or Cottrell plant, the arsenic eliminated by the roasting may be 
collected and refined for sale. The amount to be expected would be 
18.2 per cent, of 53 tons, or 9.64 tons As., or 12.85 tons AstOi. If we 
assume an 80 per cent, recovery, the product will be 10.28 tons refined 
white arsenic. 

The matte obtained from both concentrations will, of course, be sent 
to the smelting plant to be worked up in the usual manner. It should 
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be noted that the nickel and cobalt present will partly follow the copper — 
part will go to new blast-furnace speiss and part to the slags. The 
greater part, when smelted on a lead charge where arsenic is present, will 
be found in the speiss made. The following tabulation gives the results 
of treating a lot of speiss by sulfur concentration at Perth Amboy. 


Speiss used, 1,321,389 Ib 

Concentrated speiss, 666,700 lb . . . 
Matte, 762,0001b 


Pkb Cbnt 


Matte made 57 

Speiss made 50 


Gold. 

OUNCBS 

Riltbb. 

OUMCBS 

1,575.43 

177,014 

1,213.40 

30,194 

362.03 

146,871 

Total Gold. 
Pbb Cbnt. 

SXLTBB, 

Pbb Cbnt. 

23 

81.8 

77 

18.2 


COPPBB, 

Pounds 

Nicxbl and 
Cobalt. 
Pounds 

497,503 

181,125 

106,229 

164,454 

392,541 

15,521 

CoPPBB. 
Pbb Cbnt. 

Nicxbl and 
Cobalt. 
Pbb Cbnt. 

78.9 

8.56 

21.1 

91.44 


Concentration has also been carried on by using niter cake and coal, 
instead of brimstone. This gives a very satisfactory speiss product but, 
because of the sodium sulfide present, the matte slacks badly on standing, 
if it gets wet, and heats and ignites spontaneously if piled. The time of 
fusion was increased because of the necessity of removing great quantities 
of gaseous products from the fusion. 

Speisses made with sulfur were apt to be very free from lead and 
rather high in iron, while those made with niter cake showed rather high 
lead and were very much lower in iron content. This is illustrated by 
the following analyses of products from both methods of operating using 
the same unconcentrated speiss. 


Speisses 


Mattes 


Concentrated I Concentrated | Concentrated Concentrated 
with Sulfur { with Niter Cake | with Sulfur with Niter Cake 



1 

2 

3 

1 

2 

8 

1 

2 

3 

1 

2 

8 

Gold, per cent 


3.10 


2.75 


2.85 


0.30 


0.10 


0.05 

Silver, per cent 


104.9 


101.7 


93.6 


278.2 


130.4 


217.00 

Dor6. per cent. .... 

102.0 

108.0 

72.5 

104.45 

96.0 

96.45 

318.0 

278.5 

227.5 

130.5 

217.0 

217.05 

Lead, per cent 

1.8 

0.6 

None 

3.14 

9.6 

3.5 

27.2 

22.2 

17.9 

13.6 

25.2 

19.1 

Copper, per cent. . . 

7.6 

7.8 

6.4 

6.15 

0.6 

9.4 

23.6 

25.8 

26.0 

11.7 

32.1 

38.3 

Iron, per cent 

6.0 

6.4 

5.2 

2.5 

0.9 

1.5 

16.0 

18.2 

18.8 

17.4 

6.7 

8.1 

Nickel, per cent. . . 

26.3 



28.5 


28.2 

3.29 



1.56 


1.23 

Cobalt, per cent. . . 

5.95 


1 

1 

5.0 


5.8 

1.60 



0.99 


1.58 


As the presence of lead in the concentrated speiss gave more trouble in 
its further treatment than iron, it was considered preferable to concen- 
trate with sulfur. Attention is called to the fact that, in sulfur concen- 
tration, as opposed to blast-furnace concentration, only a very small 
amount of slag is formed, and this is sent back to the blast furnace for 
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resmelting, hence ihete is no slag loss of metals to be considered by this 
method of concentration. 

The actual results shown by treating 1220 tons of speiss by sulfur 


concentration were: 

Gold, 

OUNCBB 

Siltbb, 

OimcBs 

COPPBB, 

Pounds 

Nicxbl, 

Pounds 

Speiss used, 1220 tons 

. 2,158.5 

229,930 

786,062 

278,798 

Concentration speiss, 550 tons 

. 1,490.7 

55,124 

193,201 

256,501 

Concentration speiss, per cent. . . 

69.0 

23.9 

24.6 

91.9 

Matte, 780 tons 

519.55 

174,115 

597,442 

31,065 

Matte, per cent 

24.5 

75.7 

76.0 

11.1 

Accounted for, per cent 

93.5 

99.6 

100.6 

103.0 


Tbbatment of Concentbated Nickel Speiss 

The earlier method of treating this material was to roast it as com- 
pletely as possible, care being taken to regulate the roasting so as to 
give the maximum solubility of the metals present in concentrated hot 
sulfuric acid. The roasted product was ball-milled in a Hardinge mill 
running dry. The finely ground roast was treated with hot concentrated 
sulfuric acid, in a continuous mechanical sulfating machine, the product 
leached with hot water, separated from insoluble slime, and the solution 
treated for the recoveiy of copper, nickel, cobalt, and excess sulfuric 
acid. In spite of the best roasting, the product always contained from 
16 to 20 per cent, of arsenic, which found its way into the solutions and 
caused much trouble and expense in its elimination from the cycle. For 
this reason, we developed the method of soda roasting and leaching out 
the sodium arsenate previous to sulfating.* 

If any speiss is finely ground and thoroughly mixed with sufficient 
soda ash to combine with all the arsenic and sulfur present and a portion 
of the antimony, and this mixture is given a low-temperature oxidizing 
roast, all the sulfur is converted into sodium sulfate, all the arsenic to 
tri-sodium arsenate, and a portion of the antimony to sodium ahtimoni- 
ate, whQe the metals present are completely converted to oxides. If 
now the roasted product is leached with water, the soluble sodium sulfate 
and tri-sodium arsenate dissolve and can be almost completely removed 
by settling and filtration from the residue of metal oxides and sodium 
antimoniate, which is insoluble in water. 

When attempting to get a high-grade tri-sodium arsenate from such 
material, we found that the sodium sulfate present was an interfering 
material, which crystallized with the tri-sodium arsenate. To get rid 
of sulfur, it was necessary to give a preliminary oxidizing roast; which 
removed part of the arsenic from the speiss and almost all of the sulfur. 

' C. P. linville: Production of Tri-aodium Arsenate from Nickel Speiss. U. S. 
Patent 1605718. 
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This roasting is not necessary except for the removal of sulfur, as the 
arsenic can be completely removed by soda roasting even when large 
amounts of sulfur are present. To illustrate the possibilities of prelimin- 
ary roasting on the composition of the speiss the following analyses, 
from operating, are given: 

OXIOISIKO 

Unboastbd Roast Soda Roast 


Gold, ounces 5.0 

Silver, ounces 175.0 

Lead, per cent 1.6 

Copper, per cent 9.3 9.5 7.0 

Iron, percent 5.0 3.6 

Nickel, per cent 22.0 19.0 16.1 

Cohalt, per cent 3.1 

Arsenic, per cent 23.5 17.0 12.6 

Antimony, per cent 20.0 14.7 

Sulfur, per cent 6.2 0.7 0.6 


After considerable experience we were able to conduct the roasting 
so that the sulfur content of the product could be kept below 0.3 per cent., 
and in some cases it was as low as 0.12 per cent. 

Roasting was carried out on a 22-ft. Herreshoff furnace with eight 
hearths. Temperature control is very diflScult, as the speiss does not 
begin to roast until near its melting point. I have seen every floor of 
the furnace with the unroasted speiss charge melted and partly roasted 
material floating on top of lakes of molten speiss; this condition was 
remedied and the furnace brought around to normal by increasing the 
fire and opening the lower doors to give a large excess of air, without 
cooling the hearths enough to solidify the molten material, which after 
a few hours was oxidized and disappeared, having been taken up by the 
roasted material. The furnace was heated by four oil burners, placed 
in the doors on the second floor and arranged to direct their flame 
tangentially, thus giving a whirling flame without danger of overheating 
the center shaft. The temperature control was by means of a recording 
Bristol pyrometer, on the hearth above the burners. The actual tem- 
perature of the roasting mass is not known, but we aimed to hold the 
pyrometer readings between 1300® and 1400® F. The capacity of this 
furnace, when roasting concentrated speiss down to 16 per cent, arsenic 
and 0.5 per cent, or less sulfur was from 15 to 20 tons per 24 hoiirs. 

In the case of the type speiss above given, there are 26.5 tons to be 
treated. Roasting can be expected to reduce the percentage of arsenic 
from 33.6 to 16 per cent, and the sulfur from 7.20 to 0.3 per cent. This 
would mean the elimination of 17.6 per cent, of the weight of the speiss 
or 4.67 tons of As, equivalent to 6.23 tons of As20s, of which 80 per cent, 
(or 4.98 tons) should be recoverable as white arsenic. 

Samples from this roasted material are tested to determine the amount 
of soda ash necessary for complete conversion of arsenic to sodium 
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arsenate by making up roasting-dish charges having different percentages 
of soda ash. These are roasted in a laboratory muffle furnace, cooled, 
and weired portions tested for their percentage of soluble arsenic, using 
an iodine titration on the water solution from the leached sample. From 
the results of these tests, the minimum amount of soda ash that will give 
satisfactory results are computed. Charges were weighed up on the 
floor, based on the use of sufficient speiss to use one bag (300 lb.) of soda 
ash, the two shoveled together, and the mixture passed throu^ a Hard- 
inge null. This was necessary to give the thorough and intimate mixture 
of speiss and soda ash required to insure good results on the following 
soda roast. Roast speiss with 16 per cent, arsenic requires from 33 to 36 
per cent, of its weight of soda ash. The 26.5 tons of the roasted speiss 
which we are considering and 8.75 tons soda ash should yield 31.27 tons of 
soda-roasted material. The loss in weight is largely carbon dioxide from 
the soda ash. This operation can be carried out very well on a mechanical 
furnace, such as the Herreshoff used for the first roasting, but a Godfrey 
single-hearth furnace is much better. We used an oil-fired flat-bottom 
cupel furnace charging the roast mixture in batches of from 800 to 1000 
lb. at a time, which gave a layer of from 4 to 6 in. deep over the furnace 
floor. With a hot furnace, one man was able to handle two charges on an 
8-hr. shift. A good red heat was carried, the charge being thoroughly 
rabbled every few minutes, care being taken to not overheat it during the 
early stages of the roast. After the roast is complete and danger of 
fusion of sodimn carbonate no longer exists, the heat can be raised with- 
out fritting of the charge to a somewhat higher range. 

Pboduction op Tbi-sodium Absenatb 

A pilot leaching plant was operated for four months, producing 120 
tons of tri-sodium arsenate. This comprised a dissolving tank, having 
live steam for heating and a stirrer, a Schriver diaphragm pump, settling 
tanks, a Sweetland filter press, and two storage tanks; also a double pan 
evaporating furnace for concentrating sodium arsenate solution. This 
pilot plant was unsatisfactory in many ways, but gave the necessary 
information from which a larger plant could be designed. 

The sodium arsenate is extremely soluble, but at the same time much 
of the insoluble speiss residue is of a colloidal nature, rendering it difficult 
to settle or filter. The proper method of handling the solution and 
wadiing would be to use Dorr thickeners and wash counter-current, 
drawing the almost saturated clear solution of tri-sodium arsenate from 
one end, and underflowing completely washed speiss residue from the 
other. It was found that the solution of tri-sodium arsenate always was 
sli^tly colored with copper, even though the reaction was alkaline; this 
gave a decided green color to the crystals made. This trouble was 
overcome by uidng sodium sulfide in the dear solution. The amount 
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necessaiy was extremely small, not over 1 or 2 lb. per ton of speiss. The 
copper could not be removed by adding the sodium sulfide to tiie mixture 
in ^e dissolving tank, but was very efficient when added to the clear 
solution. The precipitated copper sulfide had to be removed by filtra- 
tion, but it took considerable time to fill a press. The clarified copper- 
free solution was run to a storage tank, from which it was fed by gravity 
to the evaporating pans. The pans were filled and refilled until finally 
• each would be about half full of a heavy syrupy liquid, which was tested 
by pouring a small sample upon a clean iron plate; if it set up solid within 
a minute or so, the charge was considered finished and was nm out into 
drums. After standing for about 24 hr., these drums were solid and 
ready for shipment. The first product obtained solidified in two layers, 
and analysis showed that there was considerable difference between 
tops and bottoms, as is shown by the following: 

Topb, BoTToifs, Tops, Bottoms, 
Peb Cent. Per Cent. Per Cbkt. Per Crnt. 


Na,As04 57.15 32.30 51.32 44.39 

NagSO* 1.23 27.46 2.22 17.28 

NagCOa 1.70 11.10 2.17 6.02 

H,0 39.84 29.04 


Trouble from this source was eliminated by attention to the preliminary 
oxidizing roast. With 16 per cent, arsenic and 0.3 per cent, sulfur, the 
ratio of sodium sulfate to tri-sodium arsenate is so low that bottoms are 
not formed. The following analyses are given of fused tri-sodium 
arsenate made from pre-roasted speiss. 

No. 1, No. 2, 


Pbb CaiiT. Fbb Cbnt. 

NajAsOi 61.32 66.18 

NajSOi 1.96 1.28 

Na,CO, 1.26 1.86 

H,0 46.40 40.12 

As 18.6 20.30 

S 0.44 0.29 


The 26.5 tons of roast speiss, after soda roasting, amounts to 31.27 
tons; after a water leaching this gives 21.2 tons oxide residue and 21.2 
tons of fused tri-sodium arsenate containing about 20 per cent. As. The 
arsenic is all in the “ic" state. The residue will have a dry analysis 
about as follows: 


Total 

Gold 2.90 os. 61.66 os. 

Silver 46.60 os. 966.00 os. 

Lead 2.60% 1,0601b. 

Copper 12.60% 6,3001b. 

Iron 8.70% 3,7101b. 

Aieenic 1.30% 

Antimony 11.70% 4,9821b. 

Nickel 31.80% 13,6211b. 

Cobalt 7.87% 3,1271b. 


VOL. XXOr^l 
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The Treaoikient of Soda-roasted Speiss Residue 

The residue is taken, without diying, mixed to as thick a mud as can 
be handled, and allowed to feed into a mixer where it is mixed cold with 
66° sulfuric acid in such excess that, when the mixture is heated to com- 
plete the sulfating reaction, the result will be a creamy mass thin enough 
to flow in a stream from the sulfating tool. This consists of a drum 8 
ft. long, and 4 ft. in diameter, closed at the ends, and mounted on wheels 
so that it can be slowly rotated. The residue-sulfuric acid mixture 
flows slowly and continuously in at one end, mixes with the bath of hot 
sulfated material in the drum, and an equal amoimt of completely 
sulfated mass flows out at the other end. The operation is continuous. 
The sulfated material drops into a tall cone-bottom dissolving tank, 
constantly agitated with air. The free sulfuric acid in the sulfate 
material is sufficient to keep the solution near the boiling point. The 
soluble metals, including the antimony, are almost instantly dissolved; 
On dilution, the antimony slimes out again as a white basic precipi- 
tate. The solution carrying most of the insoluble material in suspension 
overflows from a point near the top of the dissolving tank, and is carried 
to a settling and washing system. Some heavy unsulfated lumps accu- 
mulate in the dissolving tank and must be removed, from time to time, 
by opening a valve at the bottom of the cone and allowing the heavy 
material to wash out. This material is returned to process, usually to 
the feed to the soda-roasting furnace. 

The solution carrying slimes of undissolved materials from the speiss 
is flowed into the center of an 8 ft. cone, from which the clear overflow 
goes to a 1600 cu. ft. settling tank. The underflow from the cone goes 
to a second cone, where it is thinned with hot water from boiling-tank 
steam-coil condensation; the overflow from this cone goes to the dissolv- 
ing tank, flowing in at the bottom, and the slimes to a settling tank. The 
plant is practically automatic, being run by one man per shift. This 
man attends to the oil fire heating the drum, and regulates the acid and 
slimes feeds, as well as the hot water feed, so that the solution running off 
from the first cone is maintained at a specific gravity between 1.32 and 1.35. 

The overflow from the slime-settling tanks also flows to the dissolving 
tank. When a settling tank is full of slimes, the stream is turned to a 
second slimes settler. The handling of the settled slimes has not been 
successfully accomplished as yet. We believe that they could be 
dewatered by using a suction filter of the Moore type. The method of 
handling heretofore used has been to drain as much solution as possible 
from the tank, and then to stir sufficient ground limestone into the slimes 
to cause them to set up. The stiff mud is then dug out, loaded on to trans- 
fer cars, and sent to the smelting plant. From 90 to 95 per cent, of the 
copper, iron, nickel, and cobalt will be soluble and will go with the solu- 
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tion, while the gold, silver, lead, and antimony, as well as the remainder 
of the copper, nickel, cobalt, and iron will be found in thQ slimes. 
Because of the presence of reprecipitated antimony compounds, these 
slimes are milk white and usually have been designated in the plant as 
“white mud.” 

In the case of the type of speiss being treated, we should have 21.2 
tons of soda-roasted leached residue, mixed with 90 tons of 66° HtSOt 
which will yield 4380 cu. ft. of solution, analyzing as follows: 


Specific gravity. . . 


1.33 

SoLxmoB 

Contains, 

Pounds 

365,710 

Free H 1 SO 4 


33.00% 

120,685 

Copper 


1.29% 

4,706 

Iron 


0.90% 

3,314 

Nickel 


3.62% 

13,266 

Cobalt 


0.82% 

3,020 

Arsenic 


0.13% 

510 


While the white slimes will amount to 9.9 tons, containing 


Slimbs 

CONTAIK 

Gold 6 . 22 oz. per ton 61 . 56 oz. 

Silver 97.4 oz. per ton 965 . 00 oz. 

Lead 5.35% 1,0601b. 

Antimony 25.20% 4,982 lb. 

Arsenic 0.37% 721b. 

Copper 3.0 % 5941b. 

Iron 2.0 % 3961b. 

Nickel 1.8 % 3551b. 

Cobalt 0.54% 1071b. 


It has been customary to return the white mud residues to the lead 
blast furnaces, but in view of the very high percentage of antimony it 
might be profitable to give a sodium-sulfide leach before treating the 
slimes further for their values. 

The solution is handled by first passing through a set of ^'depositing- 
out tanks/' where lead anodes and copper cathodes are used. Because 
of the low percentage of arsenic present in the solution, it is possible to 
plate out the copper with a rather high current efficiency, thus reducing 
the amount to about 0.1 per cent., returning its sulfuric acid to the solu- 
tion and giving copper cathodes of such purity that they can be added to 
the refined copper charges. 

The solution is now to be concentrated by boiling in lead-lined tanks, 
containing heavy lead coils; steam is passed through the coils. A reduc- 
ing valve on the inlet and steam trap on the outlet holds the pressure in 
the coils to about 30 lb. Under these conditions a rapid boiling takes 
place, with a steam consumption of about 1 lb. steam per pound of water. 
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Evaporation is carried far enough so that the solution will have no corro^ 
sive action on iron, about 1.46 specific gravity, and then run out into oil- 
or coal-fired open cast-iron pans, and evaporated until the specific gravity 
has reached about 1.65. This is somewhat variable, but should be such 
that when the pan contents cool, the metallic sulfates present, which are 
insoluble in cold acid of such strength, will separate out and settle 
away from the excess acid. After settling in steel receiving tanks, the 
acid is skimmed off and returns to stock, for use with new acid in the 
sulfating. Thus, although a large excess of acid is used in the dissolving 
of the metals, the only acid loss from the system is that which is carried 
out in combination with iron, nickel, and cobalt, along with some 
mechanically held by the moist basic sulfates from the settling tanks. 

The settling tanks are dug out, and the basic sulfates are dried as com- 
pletely as possible in a centrifuge, but not washed with water, the 
amount of acid present not being sufficient to repay the cost of evapora- 
tion of wash waters. The result is a reddish-yellow crystalline to 
powdery mass of mixed basic sulfates of iron, nickel, and cobalt. The 
crude mixed sulfates obtained would amount to about 36 tons and analyze 
as follows: 


Copper 

Iron 

Nickel 

Cobalt 

Free HtS04 


PsB Cbnt. Pounds 

0.066 49 

5.76 3,314 

18.66 13,266 

4.22 3,020 

12.00 8,680 


Treatment at Perth Amboy has stopped at this point and a large 
accumulation of mixed basic sulfates is now on hand. The price of nickel 
is so low that there would be no present profit in its recovery. The 
rather high percentage of cobalt present in the sulfates would seem to 
promise a good return however. Plans have been under consideration 
for treating this material, which may be briefly outlined as follows. 

The centrifuged mixed sulfates are to be fed upon the upper hearth 
of a mechanical roasting furnace, and roasted with careful temperature 
control so that the iron is oxidized to ferric oxide, without decomposing 
the otiier sulfates. It has been found possible, on large scale experiments, 
to thus oxidize over 90 per cent, of the iron present. The solubility of 
the nickel and cobalt is improved, so that nickel and cobalt can be more 
easily leached from the roasted material than from the unroasted basic 
sulfates. This roasting does three things— it removes all excess sulfuric 
add, it converts most of the iron to the insoluble ferric oxide, and it 
eitW volatilizes any arsenic present or combines it with the ferric oxide, 
thus keeping it insduble when the other metals are dissolved. The roast 
is then to be leached with hot water, giving a solution containing the 
nickd, eobalt, and a little copper as well as some iinoxi dig«>d iron. The 
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amount of iron, however, is small, and after oxidation with bleadi liquor, 
is precipitated in two stages with powdered limestone. The first stiq^ 
is an almost complete precipitation, which gives a precipitate low in 
nickel and cobalt that is returned to the blast furnace for use as iron flux; 
the second stage is iron precipitate, contaminated more or less with 
cobalt and nickel, which is used to start precipitation of a new batch, in 
some cases after adding enough sulfuric acid to rediraolve the metals. 
After complete removal of iron, copper is removed by hydrogen sulfide; 
if zinc is present this will be removed at the same time. 

The solution, which now contains only cobalt, nickel, and some lime 
salts, will be treated with soda bleach to precipitate the cobalt, which 
will be settled and filtered from the nickel solution and after purification 
and burning and grinding will be ready for market. The nickel sulfate 
solution will be precipitated with h'me or soda and the heavy paste of 
nickel carbonate or hydrate used in an electrol}rtic nickel circuit, the nickel 
being plated from the solution by using insoluble anodes. The solution, 
which becomes rapidly acid imder such conditions, has its nickel content 
kept up and its acid neutralized by the use of the carbonate or hydroxide 
of nickel above mentioned. 


DISCUSSION 

Cable R. Haywabd, Cambridge, Mass. — ^What temperatures were 
used in the roasting of this speiss in the concentration? 

C. P. Linville. — I do not know. We used the temperature that 
did the business. The difference between the melting point and the 
roasting temperature of speiss is very small. I have seen furnaces run 
for a considerable time at what we thought was a correct temperature 
but the speiss came out as raw as when it went in; raising the tempera- 
ture 50® would give us a roast we did not get before. In some cases, 
a premature raising of temperature has led to disastrous results; rais- 
ing the temperature above the melting point before roasting melts 
the speiss. 

The roasting must start at the top of the furnace and progress with 
the heat, which must be high enough to start the roasting. You must not 
overheat it until the roasting is far enough along so it cannot fuse down 
and make your material like a lake. Just what that temperature is 1 
do not know, but we have means of knowing when the furnace is too hot 
or too cold and the operators get to know about where the temperatures 
are to be kept. 

We regulated the roasting on a big furnace by means of thermo- 
couples on the second hearth placed above the materiid being roasted. 
We can regulate it very well by having the men maintain on this pyro- 
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meter a temperature between 1300° and 1400° F. , I do not know what the 
temperature is down in tiie hearth, but it is a good strong red heat. 

Edwabd F. Eebn, New York, N. Y . — A few months ago some tests 
were run on the roasting of speiss, and we had the same trouble due to 
melting, but that trouble was overcome by supplsdng steam during the 
roasting, which enabled complete oxidation of the speiss, which was then 
followed by the leaching. In some tests it was found, in the case of 
speiss that was high in lead, the melting occurred quite readily; whereas 
for speiss low in lead, but high in copper, iron, and nickel, there was 
no melting. 

On account of the low melting point of most speiss, it was suggested 
that the molten material be oxidized by a blast of air, similar to convert- 
ing copper matte. The concentration did not go to metal, but the 
molten material solidified, and oxidation stopped until we added silica. 
Complete elimination of arsenic was obtained, provided silica was added 
to combine with the metal oxides, and all metals were converted into 
silicates, which may be smelted for copper and marked by usual methods. 
The arsenic was collected as white oxide. 

C. P. Linvillb. — In the early days of our work, we worked with very 
high-copper material and I have roasted the same lot of speiss three or 
four times trying to eliminate arsenic and render the metals acid soluble. 
We found that with high copper, there was practically no arsenic elimina- 
tion; but when we eliminated the copper, we were able to get the arsenic 
down to about 18 per cent. There did seem to be some sort of connec- 
tion between the amoimt of copper present and the formation of arsenates 
in roasting. 

G. E. Daubet, East Berlin, Conn. — ^Would it be possible to roast 
the raw high-copper speiss at such a temperature as to decompose all the 
sulfides and to break up all the sulfates and form oxides of all metals 
present? The oxide of nickel should be insoluble and would not leach m 
acid. The other oxides would be soluble in acids and this would be a 
method of separating nickel from other metals. The textbooks show 
that by heating sulfates at certain temperatures these sulfates decom- 
pose and form oxides. 

I roasted a nickel copper matte. The object I was trying to attain 
was making the oxide of nickel msoluble in sulfurous acid and the copper 
oxide soluble. I found that I could remove practically all of the copper 
but about 5 per cent, of the nickel went along in solution with the 
copper. 

C. P. Linville. — The textbooks say that nickel oxide is insoluble 
in all acids. But I have never seen any speiss roasted under the most 
severe conditions but what was pretty nearly all rendered soluble in hot 
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concentrated 66^ sulfuric acid« The purer the nickel oxide the better 
the results; but straight nickel oxide is more difficult to dissolve than 
oxide mixed with copper. When we started at Perth Amboy, we were 
roasting material that contained up to 40 per cent, copper; which was why 
we studied the question of concentration by means of sulfur. The dis- 
solving of that nickel and copper from that high-copper speiss material 
was a comparatively simple thing. We could do it with dilute solution, 
even with electrolyte solutions from the tank houses. When we got to 
making high-nickel speisses we had to use the 66"^ acid. 

Arthur S. Dwight. — Many years ago, when some of us were running 
smelters out in Colorado, the speiss problem was a very serious one. 
Many an old smelting works in Colorado, Nevada, and elsewhere had 
accumulated a big pile of speiss alongside the slag dump. After a few 
years of experimentation and with better furnace practice, the speiss 
problem seemed to solve itself. The late August Raht used to say the best 
way to handle speiss was not to make it. The secret of controlling the 
making of speiss in the lead blast furnace was proved to be a matter of 
the adjustment of fuel and mechanical conditions of the furnace charge. 
In other words, by minimizing the reduction to just the point where it is 
sufficient to reduce the necessary iron for the sulfur and no more, the 
making of speiss could be almost entirely avoided. 

In 1898, at the plant of the Consolidated Kansas City Smelting & 
Refining Co., El Paso, Texas, there was a large collection of speiss that 
was very much in the way. After some experimentation, I found that 
it was possible to add a certain amount of that speiss to the furnace 
charge; then by reducing the fuel and substituting speiss, pound for pound, 
that speiss never showed up down below. In other words, we got rid 
of our bank of speiss, replaced that many tons of coke, and never saw 
any speiss after that. It is a matter of the regulation of fuel. But I 
do not wish to be considered as generalizing too broadly; there are 
conditions where nickel and cobalt are present and must be recovered in 
some byproduct where the making of speiss is clearly indicated and I 
dare say that is the condition that prevails at Perth Amboy. 

C. P. Linville. — I think what has been said is perfectly true about 
the iron speiss, but there are different kinds of speiss. Most of the speiss 
trouble at Perth Amboy came from the people who discovered the silver 
ores of the Cobalt Camp. They sent the ores all over the United States 
and the people who smelted them got speiss, containing nickel, cobalt, 
and arsenic. 

Karl Eilers, New York, N. Y. — It is probably true that in run- 
ning the lead furnaces with an open charge and relatively poorer 
reduction, some of that arsenic which otherwise would have gone into 
speiss was driven off and went out at the top of the furnaces, but when 
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the refineries oommenced charging us with bad faith I began to realise 
that probably a good deal this arsenic was more or less dissolved in 
bullion or matte. A large proportion reached the refineries and accumu- 
lated tiiere more and more in residues as the copper went through the 
refining process. That accumulation is what the author finally had 
to treat and which came to be such a difficult problem, particularly when 
we began to receive Cobalt ores. 

E. P. Mathewson. — ^When I took charge of the Monterrey plant of 
M. Gu^enheim’s Sons in 1897, I found an accumulation of several 
thousand tons of speiss. My predecessors had evidently decided that 
it was cheaper to put speiss on the dump than to smelt it. I, however, 
thought differently, and smelted it. The resulting bullion was shipped to 
Perth Amboy for refining. There is no difficulty in separating the iron 
from the arsenic in speiss. The iron goes into the slag, while most of 
the arsenic goes into the bullion. This is accomplished by reducing 
the percentage of fuel on the charge. I have seen arsenic sublimate 
from the surface of such molten lead bullion when heated in lead 
refining kettles. 
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Smelting Copper Concentrates in a Converter 

By F. J. Longwobth,* Coppebhill, Tbnn. 

(Birmingham Meeting, October, 1924) 

For a number of years an intensive study has been made to improve 
the blast-furnace practice at Copperhill not only as to costs but to provide 
a good grade of gas for the acid plants. This study took us back 
to the fundamentals of successful pyrite smelting; namely, a blast furnace 
working on a clean sulfide ore, free from fines, and the use of quartz high 
in silica as a flux. In 1919, the quality of the flux was improved and its 
effect on the metallurgy was very marked. To improve the practice 
further, it was necessary to work out some method of treatment for the 
sulfide fines and the siliceous and refractory ores, other than in the blast 
furnace. A series of milling tests indicated that these products could be 
successfully treated by differential flotation, and in 1922 plans were made 
and a flotation plant built. 

It was estimated that the flotation plant would deliver to the smelter 
40 to 50 tons of concentrates per day; the problem was what to do with 
these concentrates. It was out of the question to attempt to smelt them 
in a blast fiumace because of the dust losses and because our practice 
demands a charge fr^ from fines for satisfactory operation. There is no 
custom smelter in the vicinity to which concentrates may be sold, pending 
the time when the toimage will be sufficient to warrant roasters and a 
reverbatory furnace. Sintering and nodulizing were investigated but 
neither method fitted into our scheme of metallurgy. 

A close study of the converter practice was then made to see if some 
method could not be evolved to smelt this tonnage of concentrates in a 
converter without preliminary treatment. At that time, the converter 
installation consisted of two 12-ft. Great Falls converters, which were 
handling 12 to 14 per cent, matte. The heat balance of the converters 
working with 12 to 14 per cent, matte was more than sufficient to smelt 
the contemplated tonnage of concentrates but the mechanical difficulties 
of feeding fines into the Great Falls converter made the use of this type of 
converter impractical. 

While there was no opportunity to experiment with the Pierce-Smith 
converter, equipped with a Garr gun, theoretically it seemed practical 

* GenOTsl Supermtendent, Tennessee Copper Go. 
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to handle concentrates in this type of converter. By means of the Garr 
gun, the concentrates would be sprayed evenly over the bath of matte 
with the converter blowing, thereby avoiding the bumping, frothing and 
explosions that occur when such material is charged by the boat load 
through the mouth of the converter, when it is turned down. What the 
dust loss might be was unknown but it was thought that the converter 
would act as an effectual scrubber and the fines would sinter in passing 
throi^h the zone of intense heat and could be settled out in adequate 
chambers and reclaimed. 

Accordingly, a 25-ft., 12-ft. diameter Pierce-Smith converter was 
installed and put in operation on Feb. 1, 1923. This converter is 
equipped with a close fitting hood and the draft is just sufiicient to keep 
the converter from smoking at the mouth. 

From the first, this method of treating concentrates has been a 
success; from both a mechanical and a metallurgical standpoint it has 
exceeded expectations. The cycle of operations is the same as a converter 
working on matte and flux. 

No bad effects because of charging concentrates, such as frothing, 
bumping, or boiling, have been noted. With a moisture content of 8 per 
cent., the concentrates work readily through the Garr gun without 
visible dusting. If the moisture content is much higher, it is difficult to 
keep the gun open, the charging is slow, and the material falling close to 
the gun tends to chill that end of the converter. 

The dust loss from the mouth is surprisingly low, probably less than 
from a roaster, and this dust is as readily settled and reclaimed. The 
metalliurgy is excellent. For over 6 months a recovery of 96 per cent, of 
the copper from concentrates into blister has been obtained. 

At first, the concentrates were carefully mixed with the proper amount 
of flux to give the required slag but the converter will work just as well 
if the flux and concentrates are charged separately. 

At present, the concentrates are charged about 4 tons at a time, and 
then the required amount of flux is added after the melt has taken place. 
The use of concentrates benefits the operations by regulating the tempera- 
ture and aids in keeping the converter properly lined. 

The limit in capacity of the converter in terms of concentrates, has 
not been reached but approximately as high as one ton of concentrates 
has been handled for each ton of liquid matte charged and good working 
conditions have been maintained. On a few occasions the converter has 
been started with an initial charge of matte and the blow has been 
maintained for 8 hr. by the use of concentrates and flux alone. 

How wide an application this method of treating limited quantities 
of concentrates may have remains to be seen; certainly, at this place, it is 
entirely successful. 



F. J. LONQWOBTH 


971 


The following data covers the performance of the converter from 
Feb. 1, 1923, to June 1, 1924: 


Campaign No. 1 — ^Feb. 1, 1923, to July 16, 1923, Inclubivs 


Blowing time (converter days) 

Number of blows 

Tons of matte charged 

Copper assay of matte, per cent 

Tons of blister made 

Time, in minutes, to blow one ton of copper 

Air used per minute, cubic feet 

Blast pressure, in pounds 

Air per ton of copper, cubic feet 

Air per ton of iron, cubic feet 

Tons flux used 

Tons of flux per ton of matte 

Tons of flux per ton of copper 

Tons of flux per ton of iron 

Tons of concentrates treated 

Copper assay of concentrates, per cent 

Tons of concentrates per ton of matte 

Tons of material charged per converter day . 


133.8 

180 

16,323 

Av. 14.64 

2,790.37 

70.7 

13,620 

14 

918,800 

228,193 

5,966 

0.39 

2.13 

0.47 

6,960 

11.94 

0.39 

213.6 


Average Assay of Converter Slag 

Per Cent. 


Cu 1.13 Fe... 

S 2.90 Alrf), 

SiOj 20.80 CaO., 


PSB CsHT. 

.... 66.4 
.... 1.8 
... 1.3 


Campaign No. 2 — ^Aug. 1, 1923 to June 1, 1924 (Unfinished) 


Blowing time (converter days) 238.7 

Number of blows 302 

Tons of matte charged 24,653 

Copper assay of matte, per cent Av. 14 . 48 

Tons of blister made 5, 1 18 . 89 

Time in minutes to blow one ton copper 68 

Air used per minute, cubic feet 12,680 

Blast pressure, in pounds 13.6 

Air per ton of copper, cubic feet 860,360 

Air per ton of iron, cubic feet 206,324 

Tons of flux used 9,826 

Tons of flux used per ton of matte 0.41 

Tons of flux used per ton of copper 1.95 

Tons of flux used per ton of iron 0.50 

Tons of concentrates treated 13,795 

Tons of concentrates per ton of matte 0.56 


Tons of material treated per converter day 205 . 3 

Average Assay of Converter Slag 



PiB CbNT. 


Pjdb Cbnt. 

Cu 

1.08 

Fe 

66.0 

S 

2.40 

A1,0, 

1.1 

SiO, 

20.80 

CaO 

1.1 
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Application of Pulverized Coal to Copper Refinery Furnaces 

By E. W. STBaui,* New York, N. Y. 

(New York Meeting, February, 1925) 

In the copper-casting department of a modem electrolytic copper 
refinery there are two kinds of casting furnaces : the anode, for casting crude 
copper into anodes for electrolysis; the refined-copper, for casting the 
cathodes resulting from electrolysis into market shapes, such as ingots, 
wire bars, and cakes. Both furnaces are reverberatories of practically 
the same general design and are operated intermittently, putting through 
a charge normally in 24 hr. The treatment of the copper in the two 
furnaces is similar, in that oxidation followed by skimming and reduction 
(poling) is carried on in both; but in the refined-copper furnace, the work 
must be done with greater care and it is of extreme importance that not 
the slightest trace of impurity be introduced into the copper. 

The furnaces usuaUy hold from 150 to 300 tons of molten copper, 
which constitutes the daily charge. Except in the case of furnaces in 
the Lake district, where the concentrates from native-copper ores are 
charged through the roof, the furnaces are charged through the side doors 
by charging machines similar to those used in open-hearth steel practice. 

In 1916, at the Perth Amboy plant, of the American Smelting & 
Refining Co., located at Maurer, N. J., a study was made of the possi- 
bility of firing the copper refinery fxumaces with pulverized coal instead 
of by hand. The proposed method possessed obvious advantages over 
hand firing and coal was a much cheaper fuel than oil at that time. 
However, there were several objections to its use, the principal ones 
being the possibility of increasing the sulfur content of the refined copper 
and the additional slag that might be produced from the ash. The 
increase of the sulfur content of the refined copper was the more serious, 
as more than 0.002 per cent, sulfur is objectionable. Any increase of 
the slag would be expensive as the copper in this slag would have to 
pass again through the entire smelting and refining process. 

It was thought that certain modifications in operations and furnace 
conditions, which will be described later, would overcome these objections 
so the proposition was discussed with a manufacturer of coal-pulverizing 
equipment. He was uncertain concerning the use of pulverized coal 
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under these conditions and suggested that a test be made, offering the 
use of a pulverizer for this purpose. Inasmuch as the cost of pulverizing 
and delivering coal to the furnace promised to be considerably less than 
the labor involved in hand firing, it was decided to make such a test. 
The furnace selected for the trial had a hearth 15 by 40 ft., and held 
350,000 lb. of copper. It was a refined-copper furnace, producing high- 
conductivity wire bars, therefore, if the application succeeded, there 
would be no difficulty in applying the new fuel to the anode furnaces. 

Equipment Used in Test Run 

Diuing the fall of 1916, a screen-type pulverizer was installed and 
pulverized coal was delivered to a small steel bin near the furnace. Vari- 
able-speed screw feeders delivered coal from this bin to the burners in 
the conventional manner. Unfortunately, there was not sufficient room 
near the furnace building for all the necessary equipment, therefore the 
coal was crushed and dried in another part of the plant, using a small 
dryer that was available. It was thus necessary to deliver the crushed 
dried coal in bags, a carload at a time. Considerable difficulty was experi- 
enced during the operation of the furnace, as the result of delays in 
delivery and poor condition of the coal, which had absorbed moisture 
en route. 


Results of Test Run 

The results of the test run were interesting and favorable. In 
general, it was found that the solution of the high-sulfur and excess- 
slag problems was possible. The furnace had been provided with oil- 
burning equipment, but this was needed only when the coal supply 
rah short. 

In December, 1916, the test run was started. Little trouble was 
experienced in starting up and fourteen charges were run through using 
pulverized coal. Although the fuel ratio was high (350 lb. per ton 
copper) and the time was slow, good copper was produced. In view of 
the trouble experienced in obtaining a steady supply of well-prepared 
pulverized coal and considering the experimental nature of the test, the 
results were promising. 

Several different positions of the burners were tried. It was at first 
considered necessary to utilize the old firebox as a combustion chamber 
for the pulverized coal so as to trap as much ash as possible and to provide 
combustion space before the flame should strike the cold copper at 
the start. It was at once found that best results were obtained with the 
burners moved up to the old bridge wall, using a short flanift in the 
chamber available at the start of a heat, and gradually increasing the rate 
of firing as the temperature of the furnace was increased. 
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Combustion Space Available 

The burners were at one time applied through the end wall of the 
old firebox; this produced excessive heat in the firebox and over the 
bridge wall but not enough heat where it was needed in the furnace. 
The burners were then moved about 6 ft. closer and applied directly over 
the old bridge wall, the results were then much better; in this position 
the distance from the tip of the burner to the pile of copper in the fur- 
nace was approximately 8 ft. Combustion space available was roughly 
8 by 10 by 5 ft., or 400 cu. ft. 

As the rate of firing must be cut down to accommodate the charging- 
machine operator, there was perhaps no advantage in having a large 
combustion space when starting to melt. As soon as charging was com- 
pleted and the doors were closed, the copper near the burners was partly 
melted down, thus providing more combustion space and permitting a 
considerable increase in the firing rate. This rate was increased at 
intervals of about 15 min. until a maximum was reached, when about 
75 per cent, of the cubical contents of the furnace was available as com- 
bustion space. The volume of the furnace above the bath line was 
roughly 2400 cu. ft., 75 per cent, of this is 1800 cu. ft. Firing at the 
rate of 67 lb. coal per minute gives 1800 4- 67 = 27 cu. ft. of combustion 
space per pound of coal burned per minute, which is satisfactory. 

There is no question but that the ideal furnace for doing this work 
would be somewhat different from any of the furnaces used at Perth 
Amboy, and development work in this regard is yet to be done. Better 
results could be expected if more combustion space were provided at 
the start of the melting. A distance of 10 to 12 ft. from burner to charge 
would be desirable. Another improvement would be to increase the 
height of the furnace, leaving 2 to 3 ft. of open space above the charge 
to provide for escape of the products of combustion instead of about 1 ft. 
as at Perth Amboy. 

The conventional constriction at the verb is not necessary when 
firing with pulverized coal; in fact, a large area at the verb should be 
provided to lessen the draft-choking effect. 

PULVERIZED-COAL PLANT INSTALLATION 

In the spring of 1917, it was decided to proceed with the application 
of pulverized coal to the copper-casting furnaces, as there was a chance to 
make a large saving in labor. The necessary equipment was purchased 
and installed in a building put up for the purpose. In January, 1918, 
the largest anode furnace, the one nearest the coal plant, was equipped 
to use pulverized coal. It had a hearth 15 by 45 ft., holding 200 tons 
of copper. The results were encouraging from the start. In 20 days 



976 APPLICATION OF PTTLTEBIZEO COAL TO COPPBB BBFINBBT FUBNACBS 


the furnace handled twenty charges averaging 185 tons of copper per 
charge. The coal consumption was slightly less than 200 lb. per ton of 
copper produced. A few days later, a trial was made to determine the 
possible speed; eight charges were cast in seven days, which averaged 
175 tons each. The coal consumption was less than 200 lb. per ton of 
copper produced. 

These records were made under test conditions, the burners were 
handled by the department superintendent, and every effort was made to 
produce the best results. Thus they are comparable to test runs using 
oil when this work has been done with less than 20 gal. of oil per ton of 
copper produced. In ordinary operation, the oil consumption varies 
between 22 and 27 gal. per ton of copper, 25 gal. being about the average 
figure. With hand firing, the coal consumption was about 250 lb. per 
ton of copper and six charges cast in seven days was good practice. 

Ctclb of Operation 

The various steps in the cycle of treatment of crude or refined copper 
in a copper-refining furnace are as follows: 

1. After charging, the copper is melted as quickly as possible. 

2. When the charge is melted, it is oxidized by blowing air through 
the bath or fiapping vrith a rabble. This is called “blowing down” or 
“piping;” the purpose is to oxidize the impurities (mainly sulfur) so 
that they are volatilized or removed with the slag as oxides. 

3. Skimming the slag off the surface of the bath. 

4. Poling the copper to reduce the oxygen content. In this operation, 
green poles, up to 10 in. diameter, are forced down into the copper bath 
until test buttons, analysis, or microscopic examination show that the 
excess oxygen has been removed. 

5. .Tapping the copper from the furnace and pouring into molds. 
During this period, proper temperature and atmospheric conditions 
must be carefully maintained. 

It is desirable to complete these operations in 24 hr., somewhat as 
follows: Charging time 2)4 hr., melting 8 hr., blowing and alrirntning 4 
hr., poling hr., tapping 6 hr. 

Pbopbr Fxjbnacb Conditions and Fibinq Opbbations 

To meet the objections to firing these furnaces with pulverized coal, 
provisions were made at the beginning to provide finer coal thun is 
generally used. Experience demonstrated that this was advisable, 
especially during the poling and tapping period. It was reasoned that 
if the particles of coal containing sulfur were fine enough the sulfur would 
be completely oxidized and pass out of the stack with the other gases. 
It was {dso thought that with finer grinding a lai^ percentage of tiie ash 
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would be carried through the furnace and out the stack. From experi- 
ence, it is estimated that under proper draft conditions at least 50 per 
cent, of the ash is carried out of the stack and there is reason to believe 
that with fairly fine bituminous coal the particles break up, when sub- 
jected to the flame temperature, into extremely fine fragments, most of 
the resulting ash particles being so small that after passing out of the 
stack they will float in the air for indefinite periods, perhaps until brought 
down by rainfall. 

Experience at Perth Amboy, covering a period of over a year, 
showed that some of the conditions necessary to the successful operation 
of copper-refining furnaces with pulverized coal are: 

SuflS^cient draft and an oxidizing flame during the melting period. 

A dependable supply of pulverized coal, which is delivered to the 
burners under positive and accurate control. 

Properly designed burners with an ample supply of air at a"suitable 
pressure. 

A good grade of bituminous coal ground to the proper degree of 
fineness. 


Good Draft through Furnace Must Be Maintained 

This involves the areas of the reverberatory end, uptake, flue, gas 
passes through the waste-heat boiler, and the diameter and height of 
the stack. Lack of draft retards the operations, the copper is fouled, and 
resultant fuel consumption is excessive. A draft of about 0.2 in. of water 
in the furnace uptake should be maintained and a velocity of about 
2000 ft. per min. through the flues is advisable. Experience has shown 
that it is necessary to increase the area of gas passages when firing with 
pulverized coal. Various reasons have been advanced for this. In the 
case of hand firing, the furnace has been speeded up by increasing the 
firing rate. In comparison with oil, it is probably necessary to use a 
larger proportion of air when burning pulverized coal in order to secure 
quick and complete combustion. 

An oxidizing flame is desirable during the melting stage. It should 
be possible, by providing such a flame, to decrease materially the time 
required in oxidizing, or blowing down, a charge of copper. This was 
proved to be true at Perth Amboy but generally it was not possible to 
provide a highly oxidizing flame there because of restricted flue areas. 
Interference with building roof trusses etc. made it practically impossible 
to increase the flue dimensions, therefore it was necessary to decrease 
the fuel feed instead of increasing the air supply when an attempt was 
made to produce an oxidizing atmosphere. This resulted in decreased 
temperature, slower melting speed, and, in the end, an excessive fuel 
consumption per ton of copper melted. With the Orsat apparatus, it 
was common to find 17 per cent. COa + SOi in the gases and only a 

you ixa . — 62 
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trace of oxygen. It is desirable to have 2 to 4 per cent, oxygen in the 
uptake gases. 

An approxiination of the volume of gas to be handled from the furnace 
is as follows: 

Furnace capacity, 200 tons copper. 

Fuel required, 200 lb. per ton copper; of this amount about 70 per 
cent, is burned during the melting period of say, 7 hr. 

Temperature of exit gases, 2000° F. 

Air required at 70° F. to bum 1 lb. of coal is, including necessary 
excess to provide an oxidizing flame, about 175 cu. ft. 

Total fuel consumption for charge would be 200 X 200 = 40,000 Ib. ; 
70 per cent. X 40,000 7 hr. = 4000 lb. per hr. or 67 lb. per min. 

maximum rate 

67 X 175 = 11,725 cu. ft. per min. of air required at 70°F. 

The temperature of the exit gases is about 2000° F. At this tempera- 
ture, the resulting volume will be 54,400 cu. ft. per min. At a velocity of 
2000 ft. per min., the uptake and flue area should be 27.2 sq. ft., which 
is 60 per cent, larger than the areas at Perth Amboy. 

The ash problem is also closely related to the draft problem. Prob- 
ably at least 50 per cent, of the ash is carried out of the stack when con- 
ditions are normal; not over 25 per cent, stays in the furnace. This 
contains silica, which forms a copper silicate and is skimmed off with the 
slag. The sulfur in the coal that enters as pyrites is probably oxidized 
to sulfur dioxide and ferric oxide, the former passing out with the other 
gases ftnd the latter entering the slag with the other inert constituents 
of the ash. The remaining 25 per cent, of the ash settles in the flue and 
boiler. This is not a large amoimt (800 lb. per day, using the above 
figures and 8 per cent, ash in the coal) ; but if some of it fuses in the flue, 
it is difficult to remove and soon chokes the draft and slows down the 
furnace unless removed. 

It is believed that with a uniform velocity through uptake and flue 
and a design that will eliminate eddy currents, this ash could practically 
all be carried into the boiler, where it would be cooled immediately and 
could be easOy removed as a dust. Perhaps a better way would be to 
locate the boiler so that there would be no horizontal flue. 

Dependable Supply of Pulverized Coal 

A dependable supply of pulverized coal can be provided if the pulver- 
izing plant is correctly designed and has sufficient (hying and pulverizing 
capacily. The feed of coal to the burners must be under control at all 
times. Practically all the difficulties encoimtered at Perth Amboy were 
tile result of irregular feeding. 

The records made on the first furnace fired, after the test run, were 
nevOT equalled as a different method of delivering the coal was adopted 
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and a regular and accurately controllable feed of coal was not obtained. 
Generally speaking, there are several factors that tend to vary the rate 
of feeding of pulverized coal. Most of these variations are unnoticeable 
in a large furnace but any variation will reduce the efficiency of operation. 
Practically all feeders in use will vary with a change in the moisture 
content of the coal. They will also feed freshly pulverized coal at a 
different rate than that which has stood in the bin for some time and has 
become packed. Under certain conditions, pulverized coal in a bin will 
partake of the nature of a liquid when it will flow through some feeders 
at an excessive rate. This difficulty was encountered at Perth Amboy 
and was not entirely corrected. 

The Burners 

The burners should be so constructed as to mix thoroughly the coal 
and air before the mixture enters the furnace and they should not deliver 
at an excessive velocity. On the other hand, the velocity must always 
be sufficient to prevent the fire backing up into the burner and overheat- 
ing it. There must also be enough velocity to prevent any coal being 
deposited in the burner. 

The furnace is never allowed to cool down except for repairs and one 
burner is generally in use, turned down low, when charging is started. 
As soon as the first door (nearest the burners) is closed after charging 
this section of the furnace, the rate of firing is increased as much as pos- 
sible without interfering with the charging operation through the middle 
door. By the time the middle door is closed, the copper is beginning to 
melt near the burners and the firing rate can be again increased. When 
the third door is closed, it is often possible to top charge through the first 
door as by that time the copper there is usually flattened down. At any 
rate, within 2 hr. it is possible to open one of the doors and top charge 
the desired additional amount. 

As soon as the furnace doors are closed and sealed, the burners are 
adjusted to produce a flame extending practically the entire length of the 
furnace and, as the temperature is brought up, the rate of firing can be 
increased. Copper melts at about 1950® F., the flame temperature is 
about 3000® F., and when the copper is completely melted, it is raised to 
the desired temperature. 

Even before the copper is completely melted, blowing down operations 
are started on the molten bath. When melting is complete, the rate of 
firing is reduced and from this time, until the copper is all tapped out, 
only enough heat to replace that lost through radiation, etc. is required. 

During the tapping period, the stack damper is partly closed and it 
is necessary to maintain the temperatiire in the furnace at that point 
which is required for good casting work. The atmosphere in the furnace 
must be kept as nearly neutral as is consistent with proper combustion, 
particularly of sulfur. 
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Thiee burners were applied to each of the Perth Amboy furnaces but 
possibly the work could have been done with two. It mtist be Icept in 
mind, however, that during the tapping period only one burner is needed. 
If this bum» is too large, it will not be possible to turn it down sufficiently 
and at the same time keep it clear of an accumulation of imbumed coal 
and prevent back firing. 

During the melting period, the three burners are delivering 67 lb. of 
coal per minute (as estimated before) or 22H per. min. each. Con- 
siderable air is drawn into the furnace by stack draft and the injector 
action of the burners so that not over 125 cu. ft. of air per pound of coal 
must be delivered through the burners. A 12-in. diameter burner tip 
was suitable and at this size, there is 22^ X 126 0.785 = 3550 ft. 

per min. maximum velocity. As coal will settle out of a stream of air 
that is moving at less than 1800 ft. per min., a burner of this size will 
not operate properly at less than half rate — choking and backfiring will 
result. Figuring as before, 70 per cent, of 40,000 lb. burned while melt- 
ing, leaves 12,000 lb. to be burned over a period of say 16 hr. or 750 lb. 
per hr., 12.5 lb. per min., which is slightly more than half the capacity 
of one of the burners in use. 

A pressure of 2 oz. per sq. in. in the air main near the connection to 
the burner was sufficient at Perth Amboy. 

Grade of Bituminous Coal Used 

A good grade of bituminous coal should be used in firing copper-refin- 
ing furnaces. To be specific, the proximate analysis of dry coal should 
show as follows or better: Volatile matter 36 per cent.; fixed carbon 56 
per cent.; ash 8 per cent.; B.t.u. 13,000; sulfur content should not exceed 
2 per cent. For best results, the coal should be pxilverized so that about 
98 per cent, will pass a standard screen of 100 mesh to the square inch and 
about 88 per cent, should pass 200 mesh. The coal should be dried to 
contain not over 1 per cent, moisture; otherwise, it is more difficult to 
pulverize and feed properly. 

Comparison with Oil 

Practically all the seaboard refineries are now firing with oil, but if the 
price of oil rises, the use of pulverized coal will no doubt be considered. 
It was demonstrated that coal can be used in firing the copper-refining 
furnaces on an equal B.t.u. basis with oil; therefore, when the cost per 
British thermal unit delivered to the furnace is less with coal than with 
oil, economy would call for the use of coal as a fuel. When coal is being 
prepared at the rate of 100 tons per day or over, the cost of this work, 
including depreciation, upkeep, labor, fuel for drying and interest on the 
money invested, is approximately one dollar per ton of coal ddivered to 
the burners. The higher cost of handling ash from the flue and boiler 
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and of amelting the small additional amount of dag produced as against 
these costs when firing with oil would not exceed 60 cents per ton of 
coal burned. 

With pulverized coal, the upkeep of the furnace brickwork is generally 
less than with oil; the flame action is not so severe, the heat being more 
diffused. This is, no doubt, because the combustion of pulverized coal 
is not so nearly instantaneous as that of oil, for which reason, it is easier 
to bum oil at a wasteful rate than pulverized coal. 

Pulverized Coal at Other Coppi^R-REFiNiNa Plants 

At the present time, the plants of the Michigan Smelting Co., Hough- 
ton, Mich., Calumet & Hecla Corpn., Hubbell, Mich., and Anaconda 
Co., Great Falls, Mont., are equipped to use pulverized coal on copper- 
refinery furnaces. F. I. Cairns, of the Michigan Smelting Co., states 
that the company has had no difficulty in using this fuel. The furnaces 
have been fired with pulverized coal since September, 1921. The coal 
preferred contains less than 1 per cent, sulfur and 7 per cent. ash. It is 
pulverized so that 95 per cent, will pass 100 mesh. Other data are as 
follows: Hearth area, 32 by 15 ft., 3^,000 lb. per charge; coal consump- 
tion, 400 lb. per ton. Cycle of operations, charging, ^ hr.; melting, 6 
hr.; blowing down, 8 hr.; poling, 3 hr.; tapping, 6 Ih. The furnaces 
are equipped with waste-heat boilers and five of them are connected to 
a 200 by 12 ft. stack. Draft at uptake while melting is 0.10 in. water; 
1 per cent, of oxygen is in the uptake gases. Concentrates of native 
copper ores are treated in the Lake district and results are not comparable 
with those obtained in electrolytic refinery furnaces. 

The Calumet & Hecla smelting works has recently completed a fine 
coal-pulverizing plant. Firing of two furnaces was started in August, 
1924. H. D. Conant states that about 10 years ago the plant began 
using pulverized coal, a small unit pulverizer being installed to make trials 
of this fuel for both melting and refining furnaces. The undertaking 
was successful from the start and the construction of the present pulveriz- 
ing plant is the outcome. The plant is using a low-ash, low-sulfur coal 
and no serious difficulty from these factors has been experienced. The 
coal is ground in air-separator milla until 93 per cent, passes 100 mesh. 
The full results expected have not been obtained as the company has 
delayed building a suitable melting furnace until it could form a better 
idea as to the performance of this fuel. 

Frederick Laist, of the Anaconda Copper Mining Co., states that no 
difficulties were experienced in firing the copper-refinery furnaces at the 
Great Falls Reduction Works with pulverized coal. Two furnaces were 
using this fuel from May, 1922, to September, 1923. The hearth dimen- 
sions of these furnaces are 13^ by 36 ft., and they hold 480,000 lb. 
per charge. The fuel ratio was 294 lb. coal per ton of copper produced. 
A typical cycle of operations is: Charging, 2}4 hr.; mdting, hr.; 
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blowing down, 6 hr.; poling, 3 hr.; tapping, 4^ hr. The furnaces are 
equipped with waste-heat boilers and stacks 5 ft. in diameter by 142 ft. 
high. Draft at uptake, while melting, was 0.35 in. of water and approxi- 
mately 16 per cent, of COs was in the gases. The coal was ground so 
that 80 per cent, would pass a 200-mesh screen. At present, fuel oil is 
being used at Great Falls on account of its lower price. 

Conclusion 

Pulverized coal can be used in copper-refinery furnaces with the 
same thermal efiSciency as oil. A saving of 15 to 20 per cent, usually 
results when pulverized coal replaces hand firing, using the same grade of 
coal. Reasonable precautions are necessary for success. A bituminous 
coal containing not over 8 per cent, ash or 2 per cent, sulfur should be 
used and it should be well dried and finely pulverized. The furnace, 
flue, and stack should be proportioned so that a strong draft will be 
produced through the furnace. The feeders and burners should be 
correctly designed and the rate of burning must be controlled 
with intelligence. 

When proper conditions, as outlined herein, are attained, there is no 
question but that pulverized coal is an entirely satisfactory fuel for 
copper-refinery furnaces. 
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DISCUSSION 

Francis R. Pyne, Elizabeth, N. J. — ^What effect has pulverized coal 
on the recovery in the waste-heat boiler installation; and what is the 
evaporation with coal burned in the pulverized form compared to the 
evaporation by the old method? 

E. W. Steele. — Generally speaking, you get a great deal more steam 
from the boiler when the furnace is fired with coal and oil than with 
hand-fired coal. The amount of water evaporated per ton of copper 
treated increases when you bum powdered coal. 

Francis R. Pyne. — ^I know you can get a much higher evaporation 
than with hand-fired coal, but with pulverized coal when half of the ash 
goes up the flue and 25 per cent, settles outside, I did not know what the 
effect would be. It is rather an important point in the expense of running 
the copper plant. 

E. P. Mathewson, New York, N. Y. — In reverberatory copper 
smelting furnaces, the amount of water evaporated in the waste-heat 
boiler can be increased up to 75 per cent, of the heat value of the fuel 
supplied to the firebox of the reverberatory; but that is not efficiency, 
because the main object of the operation is not evaporating water, but 
the smdtii^ of ore. 
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Recent Developments in the Fine Grinding and Treatment 
of Witwatersrand Ores 

Bt Carl R. Davis,* J. L. WiLLET,t S. E. T. Ewing,} Johannesburg, Transvaal 

(New York Meeting, February, 1925) 

The first tube-mill on the Rand was put into operation in May, 1904, 
at the Glen Deep Mine. From that time onwards, tube-mills were added 
to various plants, although little was known regarding the capacity of a 
given tube-mill when working on banket ore. Within a few years, 
however, the so-called standard size (length of shell, 22 ft. 0 in.; diameter, 

5 ft. 6 in.) was generally used until the last year or two. Practically the 
only exceptions were about 30 tube-mills having a length of 16 ft. and a 
diameter of 6 ft., and a few open-end mills of the roller-supported type. 
Most of the information obtained during the last 16 years has been 
obtained with mills of the standard dimensions. 

The adoption of the tube-mill as an accessory to the stamp mill was 
rapid; and where 3 tube-mills were working on the Rand at the end of 
1904, 244 were in use seven years later. ^ By 1910, good practice provided 
1 tube-mill for 20 stamps of 2000-lb. falling weight. The horsepower of 
the motors driving the tube-mills had increased from 80 to 100 and then 
to 125 at this date. Broadly speaking, current practice at that date 
aimed at a final product of which 60 per cent, was suitable for sand 
treatment and 40 per cent, for slime. The sand grading was +60 mesh, 

6 per cent.; +90 mesh, 25 per cent.; —90 mesh, 69 per cent.; and the slime 
grading +200 mesh, 2 per cent.; —200 mesh, 98 per cent. 

It was recognized comparatively early that the tonnage of —90-mesh 
product produced by a tube-mill per 24 hr. was a convenient measure of 

* Consulting Ehigineer, Anglo American Corpn. of South Africa, Ltd. 
t Consulting Mechanical Engineer, Anglo American Corpn. of South Africa, 
Ltd. 

} Consulting Metallurgist, Anglo American Corpn. of South Africa, Ltd. 

‘ W. A. Caldecott, etaL: ** Text Book of Rand Metallui^cal Practice,” 2 . London, 
1912. C. Griffon Co., Ltd. 
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relative efficiency of grinding, and this measure has been regularly used 
rince. The battery screening used varied from 15 to 25 mesh per linear 
inch. Under these conditions, not more than 80 tons of —90-mesh pro- 
duct was produced per tube-mill per 24 hr. The most economical grind- 
ing, or pebble, charge was found to be irregular pieces of the banket 
ore roughly 6 or 7 in., in diameter, picked off the sorting belts, and the 
weight of the grinding charge represented from 5 to 7 per cent, of the dry 
weight of the mill feed. 

From 1910 onwards when the deep levels of the Far East Rand were 
opened, to obtain a satisfactory extraction of the gold contents, a much 
greater degree of comminution of the ore was required. This character- 
istic became more pronounced as fresh areas were opened farther east, 
and in two of the mines, then controlled by the Consolidated Mines 
Selection Co., although situated only a few miles apart, the degree of 
comminution required to give a satisfactory extraction in the one mine 
would, in the more easterly mine, give a residue containing approximately 
double the gold content. 

Experimental work demonstrated that only by still finer grinding 
would a better extraction be obtained. This was carried out to as great 
a degree as the economic limits of the stamp-tube-mill combination 
allowed. With the development of the direct tube-milling experiment 
here described and the economic production of a one-product pulp, which 
it was found could be successfully handled in the slime and Butters 
plants, additional work was carried out to determine whether the treat- 
ment of this pulp would yield a satisfactoiy extraction of the gold 
content. The result of this work showed that a residue containing 
approximately 25 per cent, less gold could be obtained. 

. Rksults Obtained bt Incbeasinq Size of Feed to Tube-mills 

From 1910, or thereabouts, tube-mill practice on the Rand showed 
steady improvement. The lines followed were a regular increase in the 
size of feed, with a corresponding increase in efficiency and a consequent 
increase in the ratio of tube-mills to stamps. By 1919, when the authors 
began their practical experimental work, good current practice on the 
Rand was represented by an output of 125 to 135 tons of —90 mesh per 
tube-mill per 24 hr. The later milling plants had been designed on a 
basis of 1 tube-mill to 10 stamps, and the combined 10 stamps and 1 
tube-mill were handling approximately 200 tons per 24 hr. The finished 
product contained 80 to 86 per cent, of — OO-mesh of which 55 to 68 per 
cent, would pass a 200-mesh screen. The power absorbed by the tube- 
mills had increased considerably so that it was customaiy to install 
motors of 150 to 175 hp. to drive them. At the discharge end of the tube- 
mill, the tendency had been to use progressively larger apertures in the 
outlet screen and to assist the discharge of material by lifting scoops, 
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which raise tiie material to the discharge trunnion. Tlie usual type of 
discharge screen was provided with to 1-in. circular holes. The 
rounded pebbles pwiming through this screen consisted almost entirely 
of the debris of t^ grinding charge and represented only from to 2 
per cent, of the total material fed to the mill. These dischaiiged, or 
“reject,” pebbles were eliminated from the total tube-mill effluent by a 
aiTni.11 trommel at the outlet end and usually were returned to the stamp- 
mill bins. The total effluent, less the reject pebbles, was pumped to a 
sufflcient elevation for primary classification in cones, the underflow 
hfting returned for distribution over the whole number of tubes through 
dewatering cones at each tube. The overflow of the primary cones was 



led to secondary cones for classification into “sand” and “slime.” By 
this date, a proportion of 60 per cent, slime and 40 per cent, sand was 
being generally arrived at. The flow sheet shown in Fig. 1 was the 
generally accepted arrangement. 

Little doubt existed in the authors’ minds, at this date, that the gen- 
erally improved results obtained were the result, primarily, of the increase 
in the size of feed to the tube-mills. The best results were obtained by 
the use of %-in. mesh battery screening. In some cases, where the grade 
of launders between stamp and tube-mill permitted, 1-in. mesh was 
successfully used. The question naturally arose as to whether a tube- 
mill fed with ^-in. product drawn direct by screening from run-of-mine 
ore or from any form of jaw or gyratory crusher would give as good 
results as when fed through the same screen from a stamp battery. The 
proportion of fine material present in a stamp-battery product is consid- 
erably laiger than that in a crushed product of tiie same nominal screen; 
on the other hand, the direct product from a crusher is distinctly more 
angular than a stamp-mill product, even when the latter is worked 
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with as large a screen as ^ or 1 in. Nothing except experiment on a large 
Bcide could determine the possibilities opened up. 

Experimental work of this nature is costly and apt to interfere with 
the regular routine running of producing mines, therefore all the more 
credit is due to the controllers of the Consolidated Mines Selection group 
of mines (now imder the control of the Anglo American Corpn. of South 
Africa) for providing the necessary funds and encomaging full-scale exper- 
imental work to be carried out at two of the mines. As experiments 
had already shown that on the Rand steel balls as a grinding charge were 
uneconomical, because of the high cost of imported steel .balls, it was 
decided to confine the experimental work entirely to tube-milling, 
using the banket pebble as a grinding charge, in accordance with exist- 
ing practice. 

The authors’ intentions were to endeavor to ascertain the limiting 
conditions of size of dry feed that could be economically handled in a 
standard tube-mill and the design of suitable means for feeding such 
material into the tube. 

Expbbimental Wobk at Bbakpan Mines 

Experimental work was begim in September, 1919, at Brakpan 
mines. The plant consisted of a separate bin, which was filled by the 
undersize of a grizzly set, at first, to ^-in. spacing, from which the ore 
was drawn in weighed truckloads and deposited in a bin in proximity 
to a standard size tube-mill. This tube-mill was operated in an independ- 
ent closed circuit with a primary and a secondary classifying cone. The 
tonnage fed to the tube-mill was obtained by direct weighing, and the 
final product, being the overflow of the secondary cone, was regularly 
sampled for grading analysis. The first difficulty encountered was to get 
the coarse dry feed with an admixture of only 30 to 35 per cent, of mois- 
ture into the tube-mill. The inlet was 9 in. in diameter in the clear, 
which was the standard size, but various forms of feed hopper, in conjimc- 
tion with different types of spiral inside the trunnion, failed to give a 
clear run of the feed without poking or other manual attention. The 
difficulty was removed by using a hopper of the type shown in Fig. 2, 
in conjunction with an inlet 12 in. in diameter in the clear. 

As the feed material (the desired proportion of grindii^ pebble and 
the oversize return from the classifier circuit) is fed on to the sloping back 
of the hopper, it passes directly into the tube-mill without any manual 
attoition. Hoppers of this design have been successfully used in all 
i^nt installations. As the tonnage and grading results with ^-in. 
grizzly product showed that the authors’ anticipations were in a fair way 
of realization, the size of the feed was increased to 1-in. grizzly tmderrize. 
Under the latter conditions, it soon became obvious that to maintain 
a good output of —90-mesh product, it would be necessary to increase 
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the number and area of the holes in the discharge screen, thereby consid- 
erably increasing the daily tonnage of reject pebble. The work was 
continued, using successively larger feed with correspondingly greater 
reject tonnage, until it was demonstrated that with the undersize of 
in. grizzly as feed, a grinding charge of 12 to 15 tons of pebble, and a 
reject pebble disclutrge of about 25 tons, a duty of approximately 130 to 
140 tons of —90-mesh per 24 hr. could be attained. As approximately 
40 per cent, of run-of-mine ore on the Far East Rand deep levels will 
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Plan 

Fig. 2. — New fobm of hofpeb for feeding tube-mili.. 


pass a l^-in. grizzly, it was possible to send a large proportion of run-of- 
mine ore direct to the tube-mills, which possibility was of sufficient eco- 
nomic importance to warrant further work. 

At a comparatively early stage of the work it was found that the use 
of large, angular ore fragments as the regular tube-mill feed, instead of the 
ordinary stamp-mill product, resulted in a material modification of the 
reduction process within the tube-mill. While doubtless considerable 
reduction is done by the progressive division by fracture of individual 
pieces into smaller and smaller pieces, there is clear evidence that a 
greater part than hitherto is taken by the attrition of the angular prom- 
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inences of tiie larger pieces. This attrition appears to effect comminu- 
tion at a rapid rate until the angularities disappear, when the resulting 
rounded pebbles become an inert constituent of the charge and, if allowed 
to accumulate, will rapidly reduce the capacity of the mill. The 93 rBte- 
matic withdrawal of these rounded pebbles on a much larger scale than 
hitherto practiced, so that they may be broken and again made angular, 
is therefore the outstanding feature of this process. 

LmiTATioNS TO Use of Banket Pebble as Grinding Charge 

Because of the physical difference between the banket ore of the 
central Rand and the Far East Rand deep levels, a smaller percentage 
of run-of-mine ore of suitable size and shape is available for the tube- 
mill grinding charge in the latter area. Tests carried out at the mines of 
the Anglo American group show that a maximum of 10 per cent, of run- 
of-mine ore was, in size and shape, suitable for this purpose. In practice, 
fairly effective tube-milling can be carried out with grinding charges rang- 
ing from 3 to 25 per cent, of the total feed. This wide variation con- 
notes different conditions of moisture content of the feed, rate of feed 
and corresponding grading of discharge, ratio of return oversize to 
original feed, etc. In the experimental work, it was essential to confine 
attention to results obtainable with grinding charges well within the 
limits existing for the supply of suitable pebble. This was fixed, there- 
fore, at a TTni.YiTninn of 20 tons per standard tube-mill per 24 hr.; the best 
results are attained at about 15 to 16 tons. 

The results obtained at this stage led to the consideration of the best 
methods of supplying ore of the required grading to the tube-mills. It 
was clear that some form of stage crushing, consisting of ordinary jaw or 
gyratory breakers, followed by rolls or disk crushers, would give a suitable 
product, as was suggested by George'Denny, for use on these fields. In a 
paper* presented to the South Africa Association of Engineers, in Jime, 
1906, to show the lines intended to be followed for the production of a one- 
product pulp in which the wbole of the values were to be recovered by 
cyanidation G. A. and H. S. Denny said: “The design of the new plant 
would be entirely different at almost every point from a plant . . . 
erected on these fields today. The stamp battery is left out in this design, 
the principles being stage crushing and stage grinding, the cost of such 
plant being far cheaper than a stamp battery, while the efficiency has 
idready been decided by work done in other countries.” 

The form of plant designed by the authors consists of only three 
stages; viz., primary breaking in g 3 rratory or jaw crushers; tube-milling 
using large fragments of run-of-mine ore as a grinding medium; cracking 

*Band Metalluigical PiacUce and Recent Innovatoona. Proc. South Africa 
Aaan. of Eng. (1905-06) 11, 230. 
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reject pebbles in any suitable form of crusher, giving approximately a 
in. product. This is a much simpler series of operations than that 
envisaged by G. A. and H. S. Denny in 1906. 

The experimental work at Brakpan showed that a line of demarcation 
could be drawn between what may be described as the old and the new 
process of tube-milling in terms of the size of feed, and that the actual 
location of the line was between feeds of — 1-in. and +l-in. mesh. 
Below the line, one would expect in a standard tube-mill, working on 
Far East Rand ores, an actual production of 130 to 140 tons of —90- 
mesh product per 24 hr., with a pebble reject varying from 3^ to 2 per 
cent, of the total feed. Above the line, when using a tube-mill of the same 
dimensions, in order to secure efficient grinding, the required tonnage of 
reject rises rapidly; in fact, with a — 1%-in. feed, it was advantageous to 
reject as much as 15 to 20 per cent, of the total feed. Under these 
latter conditions, a remarkably high percentage of —200-mesh was 
easily produced and the —90-mesh production rose to the order of 
145 to 150 tons per 24 hours. 

Two alternatives presented themselves; viz., two-stage crushing, 
having for its object the production of a — 1-in. feed to the tubes, as an 
improvement on single-stage crushing and stamp-milling to 1-in. mesh; 
or single-stage crushing prior to tube-milling, followed by secondary 
crushing, or rather cracking of the reject pebbles. 

It was thought that the latter alternative promised the better results. 
There was no doubt that the considerably increased fineness of the final 
product shown to be economically obtainable (z. e. in terms of horsepower- 
hours per ton of —90-mesh product), under the new process was due to 
the coarse and angular nature of the feed. The tonnage of reject pebbles 
to be crushed is appreciably less than that which would have to pass 
the secondary crushers imder the first system. Further, about 3 per cent, 
of the total feed could be sorted on the reject-pebble belts and thereby 
eliminated from the second passage of the reject material through the 
plant. Having arrived at this conclusion, the question of obtaining the 
best available product from the primary crushers became one of great 
importance. It had not been the practice to make special provision for 
securing an even continuous feed to the primary crushers, therefore 
experiments were instituted to ascertain the over-all effects obtained by 
maintaimng a full and continuous feed. The first experiments were made 
with jaw crushers having an hourly capacity of approximately 50 tons of 
— 23 ^-in. product. Under the conditions existing, it was not possible to 
get a bin of sufficient capacity to maintain a choked feed for more than a 
few minutes at a time; results, however, were promising. Later, when 
applied to a crusher of the gyratory type, it was soon foimd that the 
improvement in product was remarkable; as the wear was distributed 
more evenly over the grinding surface there was an actual economy in 
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mamtenance and although the maYitnimn horsepower required was 
increased 20 per cent., the total power consumption remained unaltered. 

Expbbimbntal Plant at Spbing Mines 

This information having been obtained, it was decided to build a new 
experimental plant in which run-of-mine ore would be subjected to single- 
stage crushing only and then fed directly to the tube. The reject pebbles 
were to be passed directly to a secondary crusher and then fed back to the 
tube. An experimental plant on these lines was, therefore, erected at 
Springs Mines in 1920. The flow sheet shown in Fig. 3 illustrates the 
general arrangement of this plant. A set of 36 by 16-in. rolls cracked the 



[ ^ Reject Pebbles J 

Fig. 3. — Flow sheet of Spring Mines experimental plant. 

reject pebbles. The capacity of these rolls was largely in excess of that 
required by the experiment, but they were used as they were available. 

The mill used was a standard 22 ft. 0 in. by 5 ft. 6 in., running at 28 
r.p.m. and driven by a 176-hp. motor. The inlet to the mill was 12 in. in 
diameter and the outlet was 17 in. A lift with arms 4 ft. 3 in. in diameter 
raised the pulp at the discharge end. The discharge screen was slotted, 
the slots being IJ^ in. wide and from 3 to 6 in. in length. Standard 
steel liners of local manufacture were used; their wear was quite normal. 
The power input to the mill was metered directly. 

Two results were clearly demonstrated with this plant: (1) The prac- 
ticability of direct tube-milling of a much coarser feed than had been 
attempted in a standard sized tube-mill; (2) the high efficiency, in terms 
of —90-mesh production, with this size of feed. 

During the test, the feed to the mill consisted of a mixture of headgear 
fines (undersize 1%-in. grizzly product) and the oversize of the grizzly, 
which had been passed through gyratory crushers running with a 
choked feed. 

Note. — ^The tube-mi llin g process here described is subject to the following patents; 
Union of South Africa 1086 U921); Southern Rhodesia 1746 (1922); Mexico 21814- 
1922 (1922); United States 1461977 (1923); Canada, 241888 (1924), 
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Because of the layout of the experimental plant, in relation to the 
mine plant, it was not always possible to obtain as high a proportion of 
the fine material as is actually produced from the mine, and it was often 
impossible to obtain the supply of properly crushed material so that 
frequently an excess of oversize had to be milled. 

From April 2 to 29, 1921, inclusive, there were fed to the mill 
3,016.89 tons, and the actual running time was 489.03 hr. The average 
figures over the whole run were as follows: 


Tons of feed per 24 hr 135.00 

Tons of pebbles per 24 hr 12.91 

Total tons per 24 hr 147.91 

Tons — 90-mesh per 24 hr 144.32 


The production of —90 mesh per horsepower per 24 hr. (measured as input to the 
motor) was 0.834 ton. 

Gradinq op Tube-mill Feed 


Average Grading 


Mesh 

+2 

in. 

+1K 

in. 

! 

+1H 

in. 

|+1k!+ 1.05 
1 in. 1 in. 

1 

+0.742 

in. 

j +0.525^ +0.263 
1 in. 1 in. 

+60- 

mesh 

+90- 

mesh 

+200- 

mesh 

-200- 

meeh 

Product, per 
cent 

12.6 

2.2 

11.0 

6.2 

14.2 

14.7 

10.5 

j 11.0 

12.4 , 

1.3 

1.3 

2.6 

Cumulative Grading 

Product, per 
cent 


14.8 

25.8 

32.0 

46.2 

60.9 

71.4 

82.4 

94.8 

96.1 

97.4 



The average grading of the final pulp was + 60-mesh, nil; -f 90-mesh, 
2.3 per cent.; +200-mesh, 35.2 per cent.; —200-mesh, 62.5 per cent. 

Note. — The amount of —200-mesh in the final product is approximately 15 per 
cent, less than that attained in later work with Dorr classifiers. 

These samples were taken hourly and divided into shift samples 
for grading. 

The following figures relate to a six-day period when the feed to the 
tube-mill was maintained similar to that which is to be expected from a 


plant designed for direct tube-milling. 

Tons of feed per 24 hr 144. 18 

Tons of pebbles per 24 hr 14.22 

Total tons per 24 hr 158 40 

Tons -90-m^ per 24 hr 151.48 

The production of —90 mesh per horsepower per 24 hr. was 0.874 ton. 

Total feed of tube-mills, tons 883.83 

Actual running time, hours 133.82 
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Gbaoing or Tubx-muji Fbxd fob 6-Dat Pbbiod 


Average Grading 


Mesh 

+2 

in. 

+1H 

in. 

+1H 

in. 

in. 

+1.05 

in. 

+0.742 

in* 

+0.525 

m. 

+0.263 

in. 

+60 

meeh 

+90 

meeh 

+200 

mesh 

-200. 

meeh 


Prodttot, per 
cent 

2.1 

0.7 

4.2 

4.9 

23.8 

18.0 

11.3 

15.5 

14.1 

1.4 

1.3 

2.7 

Cumulative Grading 

Product, per 
cent 


2.8 

7.0 

1 

|n.» 

35.7 

53.7 

j 

1 65.0 

80.5 

04.6 

96.0 

97.3 

i 

1 


The average of the final pulp was +60-me8h, 0.2 per cent.; +90- 
mesh, 4.2 per cent.; + 200-mesh, 35.2 per cent.; —200-mesh, 60.4 
per cent. 

The considerable increase in tons crushed per 24 hr. in the second 
series of tests was imdoubtedly due to the lower percentage of +l%-in. 
material present in the original feed. 

COHFABISON OP RESULTS OBTAINED BY ExPBBIMBNT AND IN PbACTICE 


In order to compare the foregoing results with the results obtained 
at Springs Mines under standard combined stamp-mill and tube-mill 
practice, the average results for the year 1920 are given: 




Toms 
Mujjbd 
PBB Umit 

Pbb 

Cbmt. 

-90- 

Tons op 
— 90-mbbh 
Pboducbd, 
pbb Hobsb- 

Stamps 

BS- 

I.LS 

PBB 

24 Hb. 

MBBH 

IN Pulp 

POWBB PBB 

24 Hb. 

Springs Mines results for year 1920. 10 

1 

200.0 

88.0 

0.9025 

Average results of 24 days’ trial. . . 

1 

147.9 

97.6 

0.834 

Average results for 6 days’ trial 

1 

158.4 

96.6 

0.874 


The test figures just given were obtained by the collaboration of the 
Consolidated Mines Selection Co. with the Central Mining & Investment 
Corpn. and the Johannesburg Consolidated Investment Co., every care 
being taken by the technical representatives of the groups concerned to 
secure the greatest possible accuracy. 

As already stated, the opening of the deeper level mines of the Far 
East Rand basin had shown that considerably finer grinding was required 
to obtain a reasonable. percentage of extraction than is necessary on the 
mines of the Central Rand, but the practical limit of fine grinding from 
the point of view of over-all economy seemed to have been attained on the 
existing stamp-mill cum tube-mill plants with a sand-slime percentage 
ratio of about 40 to 60, a point at which practice had remained for some 
years. The Springs Mines experiments at once opened the posmbility 
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of economically reducing the whole output to a slime; t. e., at least to a 
product capable of treatment in the existing Butters filter plants. 

First a Dorr classifier was substituted for the classifying cones — thi« 
was the first Dorr classifier installed on the Witwatersrand mines. The 
Dorr classifier was tried because to procure a fine overflow from the classi- 
fying cones (t. 6., of the order of 65 per cent, upwards of —200-mesh) an 
undue percentage of finished product must be returned to the circuit and 
at the same time the imderflow is unduly high in moisture for tube-milling. 
After the necessary alterations and additions had been made, a pulp suit- 
able for direct treatment in the existing slime plant was sought. 

Altogether 18,000 tons of the one-product pulp were produced and 
treated by direct cyanidation in the slime plant, without amalgamation. 
The conclusion of the experimental work showed that the following 
results could be relied on by the new process of tube-milling: 

1. Using a tube-mill of standard dimensions with feed subjected to 
single-stage crushing only, an output of from 145 to 150 tons of —90- 
mesh per 24 hr. could be obtained, the grading of this product being: 
-f 60-mesh, nil; +90-mesh, 1 per cent.; + 200-mesh, 27 per cent.; —200- 
mesh, 72 per cent. 

2. That this product is suitable for direct cyanidation as a slime in an 
ordinary Butters filter plant. 

3. That an over-all improvement of at least 0.20 dwt. in the final 
residue would be attained over the existing treatment, which dealt 
with 40 per cent, sand and 60 per cent, slime. 

4. That the saving in working costs would be approximately 5 pence 
per ton milled and the saving in residues at least 10 pence per ton milled. 

In view of the foregoing results and that extensions to the milling 
plant at Springs Mines were called for at this time, it was decided that 
these extensions should take the form of four standard tube-mills to be 
operated in closed circuit with Dorr classifiers, and that the new plant 
should produce a one-product pulp for direct cyanidation in the extended 
slime-Butters plant, without amalgamation. This plant was nearing 
completion in January, 1922, when the labor upheaval occurred; this was 
followed by the revolution in March. When operations at the mine were 
resumed, advantage was taken of the necessary reorganization of person- 
nel to eliminate amalgamation from the existing stamp-mill cum tube- 
mill plant, as the experimental work had shown that amalgamation could 
be dispensed with in favor of direct cyanidation. Numerous other mines 
on the Witwatersrand decided, at the same time, to cut out the amalgama- 
tion process but, except at Springs Mines, this was effected by the use of 
corduroy blanketing laid over the existing amalgamating tables. 

The elimination of amalgamation at Springs Mines was followed by 
a slight improvement in extraction and no diflSculties or drawbacks have 
been experienced in this connection during the two years or so that this 

TOI., MM.— S8 
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method has been in operation. The logical conclusion of this process 
would be the substitution of a cyanide-solution circuit for the existing 
water circuit for milling and slime collection, and as soon as an opportu- 
nity is afforded, this change will be made. 

The original method of precipitation at Springs Mines was by means 
of the ordinary type of box containing zinc shavings. At the end of 
1922, this was changed to zinc-dust precipitation in Merrill presses in 
combination with the Crowe vacuum process. The savings effected by 
this are as follows: 



I 1 

! Zinc 

KCN 
100 Per 
Cent. 

HsSOi 

Precipitation and 
Smelting Costs 
per Ton of Ore 
Treated 

Average for 1921 with extraction boxes . 

0.202 

1 0.381 

0.175 

5.908 

1923 

January 

0.156 

0.478 

0.319 

4.745 

February 

0.097 

0.457 

0.141 

3.926 

March 

0.104 

0.417 

0.126 

3.613 

April 

0.107 1 

0.402 j 

0.111 

4.265 

May i 

0.086 ! 

0.363 

0.071 

j 3.237 

June I 

0.101 

0.360 

0.062 

3.395 

July ! 

0.044 ! 

0.340 

0.058 

4.147 

August 

0.053 j 

0.330 

0.042 

3.035 

September 

0.054 1 

0.346 

0.036 

2.850 

October 

0.050 1 

0.365 

0.033 

2.681 

November 

1 

0.049 1 

0.360 

0.027 

3.286 


In Fig. 1 is shown the original layout at Springs Mines, while the 
layout of the new section of the plant is shown in Fig. 4; Fig. 5 shows the 



Fig. 4.— Flow bhext of new section of Sfbino Mines exfebimental plant. 

arrangement of feed and pebble bins, tube-mill and drive, and Dorr 
classifier. 

It will be noted that the problem of main pulp elevation is simplified 
to one of elevating slime 25 ft., or so to the slime collectors. This is 
different to the standard arrangement on the Witwatersrand, which calls 
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for the elevation of the total tube-mill effluent minus the reject pebbles 
to 2 per cent, of the total feed) 60 to 70 ft. to the primary cone 
classifiers — ^this height is necessary to allow the primary cone underflow 
to be returned for distribution^over a row of 10 to 12 tube-mills. The 



wear and tear of pumps handling such a coarse product to such elevations 
is excessive, with correspondingly high maintenance and renewal costs. 

The substitution of Dorr classifiers in closed circuit with their corre- 
sponding tube-mills for the centralized cone classification system has 
the further advantage that the individual grinding performance of each 
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tube-mill can be subjected to close and continuous supervision, an 
extremely important matter that is difficult of attainment with the 
usual type of plant. As shown in Fig. 5, the feed to the individual tube- 
mills is carried by a simple belt feed which may be driven at three speeds, 
the middle speed being sufficient to maintain the normal hourly tonnage 
required by the tube-mill. One of the other speeds is 10 per cent, above 
and the third 10 per cent, below this predetermined figure. The feeder 
is provided with a revolution counter and, provided the ore in the mill 
bin is properly mixed (t. «., the coarse and fine material are not unduly segre- 
gated and the chute openings supplying the feeder are maintained con- 
stant) the counted revolutions of the feeder form quite an accurate index 
of the tonnage fed. It is, of course, necessary to establish a factor for 
multiplying the coimted revolutions; this is obtained in regular practice 
by comparing the measured tonnage of slime, corrected for moisture, 
treated in the agitator tanks with the counted revolutions. This method 
enables the tonnage per tube-mill per shift to be readily ascertained with 
an accuracy of 3 to 4 per cent. 

The results for the month of Jime, 1923, of the four tube-mills at 
Springs Mines, working under the new process, are as follows: 


Number of working days 26 

Number of tube-mills 4 

Actual running time 26 . 875 days 

Tonnage produced 15,260 

Tons per tube-mill per 24 hr. (calendar time) 146.7 

Tons per tube-mill per 24 hr. (running time) 147.4 


Average grading of product: -ffiO-mesh, nil; -f 90-mesh, 2.1 per cent. ; 
+200-mesh, 26.5 per cent.; ~200-mesh, 71.4 per cent. 

COMPAKATIVE FiGXJRES OF RESIDUES OBTAINED AT SPRINGS MlNES 


A B C 

Dwts. pbb Ton Dwts. pbb Ton Dwts. pbb Ton 

Average 0.62 

January 0. 578 0.415 

February 0.672 0.434 

March 0.674 0.404 

April 0.584 0.422 

May 0.697 0.497 

June 0.642 0.438 

July 0.679 0.452 

August 0.688 0.483 

September 0.646 0.468 

October 0.628 0.416 

November 0.639 0.440 


Column A is original plant when amalgamation was practiced. 
Colihnn B is original plant since elimination of amalgamation. 
Column C is new jdant. 
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Reduction Costs 

The new section is operated in conjunction with the old, and under 
these conditions it is impossible to allocate costs with complete accuracy. 
As the result of close consideration of the separation of costs in the two 
sections, it has been found that a saving of 5 pence per ton milled has 
been effected. 


Running Time 

Careful records are kept of the running time on both old and new mill- 
ing plants. Both plants are operated by the same maintenance and 
running staffs and consequently the figures disclosed by the records may 
be taken as a true index of the reliability of the two plants. 

The average running times for the period March to December, 1923, 
inclusive, are as follows: Old plant, 93.389 per cent, of the possible; new 
plant, 95.751 per cent, of the possible. 

Tonnage Capacity op Tube-Mills in Relation to Grading op 

Product 

All work on tube-milling carried out by the authors has been confined 
to producing a product between somewhat narrow limits of grading; in 
fact the range has varied only between 97.5 per cent, of —90-mesh, 
containing 68 per cent, of —200-mesh, and 100 per cent, of —90-mesh, 
containing 77 to 80 per cent, of — 200-mesh. The lower limit is about the 
coarsest product that can be really satisfactorily treated in the existing 
Butters filter plants. The upper limit represents about the finest grading 
that is economically desirable after balancing the lower value of residues 
against the increased working costs, both of course under our special 
conditions. The whole practical value of this work is dependent on the 
nature of the Far East Rand ores from the point of view of the necessity 
for finer grinding than has hitherto been the practice. No work has been 
done by the authors to ascertain the output of a tube-mill on the coarser 
degrees of product that would be desirable on other types of ore. The 
only guide to the increased output that could be expected with a coarser 
product, which has been elicited from the authors’ work, is that the per- 
centage of diminution in the amount of — 200-mesh in the finished product 
is accompanied by approximately twice that percentage increase in the 
tonnage output; e. g., reducing the —200-mesh content of the finished 
product from 77 to 72 per cent, (or 5 per cent.) is accompanied by 10 
per cent, additional output per 24 hours. 

Bearing in mind that the conditions of the tube-milling here described 
necessitate running a heavy return circuit, approximately 4 to 1, there is 
every reason to think that the tube-mill unit now being adopted (6 ft. 6 
in. diameter by 20 ft. long) under conditions of comparatively coarse 
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Section C-D 

Fig. 6. — Reduction plant, West Springs, 
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grading will be a very large tonnage producer. Although it is the 
practice on the Witwatersrand to discuss relative tube-miU performance 
in terms of — 90-me8h product, the — 200-me8h content of such product 
has a vital bearing on the extraction of gold contents. The existing 
Butters filter plants set a definite upper limit to the amoimt of +90-mesh 
permissible; at the same time, within such limit, considerable investiga- 
tion is necessary to ascertain to what extent the Dorr classifier acts as a 



Fig. 7. — Reduction plant, West Spmngs, Ltd. 


concentrator. In other words, whether the 2H pcr cent, of -l-90-me8h 
mechanically permissible is economically justified. 

The successful results obtained from the new section of the Springs 
MiTiftH reduction plant resulted in the adoption of the same tjTpe of plant 
for West Springs, Ltd., this property being under the control of the same 
group, which reached the producing stage during April, 1924. In some 
ways, the full benefits of compactness of plant and consequent reduction 
in la^r cost, increased ease of supervision, etc. could not be obtained at 
Spring Mines in as much as a large plant was already in commission and 
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the new plant had to be adapted to meet the existihg topographical 
conditions and layout of the existing plant and property. At West 
Springs, however, a clear field was available; Figs. 6 and 7 give generalised 
elevations and cross-sections of the plant. 

Starting from the headgear end of the plant, the stock pile, fed by a 
36-in. conveyor on the steel cantilever, is a new feature in Band practice. 
The usual t3rpe of headgear storage bin in these fields has a capacity of 
less than 1000 tons, which is more than doubled in the present case. 
It has been proved that this stock pile, by forming a large buffer between 
the more or less intermittent supply of ore from the mine and the reduc- 
tion plant, which is continuously operated with the exception of Sundays, 
will greatly assist in maintaining the maximum output. 

The washing plant is also somewhat unusual. The entering ore is 
thoroughly washed on a bar grizzly with J^-in. apertures. The washings 
from this grizzly are separated into three products — coarse gravel, sand, 
and slime. The coarse gravel, being thoroughly cleaned from adhering 
fines, joins the main stream to the tube-mill storage bjns; the sands, hav- 
ing been leached in dewatering tanks, also join the main stream; and the 
collected slime is pumped directly to the main slime collectors. The 
object of this procedure is to obtain the maximum life of conveyor belts. 
Run-of-mine ore in these fields contains an unusually high percentage of 
fines and, as a result of the extremely liberal use of water in underground 
faces, is a most destructive material from the point of view of belt main- 
tenance; in any case, it is necessary to wash the coarse material prior 
to sorting. 

The sorting and crushing station is in such close proximity to the 
milling plant that supervision of the whole process of sorting, crushing, 
milling, and classification is greatly facilitated. As no amalgamation or 
blanketing process is practiced and as the ore is crushed in cyanide solu- 
tion, the whole gold-recovery plant is compact and is housed in one build- 
ing closely adjacent to the mill. In fact the layout is such that the chief 
reduction official, whose offices overlook the gold-recovery floor, can pass 
directly through the milling plant into the crushing and sorting plant 
under cover and on one floor level. 

The tube-mills installed at West Springs are about 30 per cent, larger 
than the standard mills, being somewhat shorter but larger in diameter; 
the dimensions are 20 ft. by 6 ft. 6 in. For test purposes, a mill of this 
size was erected and run as an integral part of the Springs Mines plant 
for some time, with the following results: 

Approximately 11,000 tons of ore was milled by this unit, the finished 
product being collected in a separate collector for measurement purposes. 
The average output per 24 hr. over the whole series of tests was 194 
tom and the maximum 208 tons, the output, of course, varying in accord- 
ance with the grading of the product. Bearing in mind that the average 
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feed, including the crushed returned reject pebbles at West Springs, is 
likely to be considerably better than at Springs Mines and that grinding 
in cyanide is likely to permit of a slightly higher grading of product, with 
correspondingly increased output of the tube-mill, it was concluded that 
eight of these units would provide ample capacity for the monthly (26 
days) output of 40,000 tons required at West Springs. 

Up to the present, all the experimental work has been carried out with 
tube-mill liners of the Osborne bar type. This type has emerged, after 
many years of experience, as an effective and economical liner for a tube- 
mill handling stamp-mill pulp. It remains to be seen whether liners of a 
radically different type may not come into use for tube-mills handling a 
coarse dry feed. One or two new types are already in service at neighbor- 
ing mines, and apparently give promising results as tonnage producers. 
Of course a mere increase of tonnage regardless of grading is easily 
obtained with the older type, but there is no doubt that the new process 
has opened a new field for liner experimentation. 

By far the larger number of mills on the Rand are driven by a single- 
reduction countershaft belt-driven from the motor; in the Springs Mines 
and West Springs practice, a single-reduction enclosed gear with forced 
lubrication has replaced the belt drive. A considerable economy in 
power, floor space, and maintenance has resulted from this change. 

Capital Expenditure 

Appended is the original estimate of the capital cost of the plant to 
deal with 40,000 tons per month (of 26 days), together with certain basic 
rates on which the estimate was framed; the completion of the plant 
shows that this estimate has been closely adhered to. At a capacity of 
40,000 tons per month, the cost of the plant is £6.17 per ton milled per 
month. The plant having been designed in all respects for ease of 
extension, any improvement in the daily tonnage of the existing tube- 
mills, up to an additional 10,000 tons per month, could be handled by the 
remainder of the plant without additional capital cost. It remains to 
be seen whether the new type of liner referred to will increase the capacity 
of the plant and, if so, to what extent. Should the existing eight tube- 
mills, some tilne later, reach a capacity of 50,000 tons per month, the 
capital cost of the plant per ton milled per month would then be a 
little under £5. When the condition of the mine warrants this increased 
tonnage, the authors will have attained a figure of capital cost which 
is better than that pertaining to the best of the large milling plants 
built on the Rand prior to the War, with the added advantage of consid- 
erably reduced running costs and, as far as the deep levels of the Far 
East Rand basin are concerned, an improved extraction amoimting to 
the difference between 93.25 and 95.50 per cent. 
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For the sake of comparison, a careful analysis has been made of the 
capital cost of the Brakpan Mines plant, erected by the same parent 
group in 1909-1910 which, at the date of its going into service, was 
regarded as approaching the best in current practice. It has been 
necessary to re-price all the major items on the scale existing today; the 
result shows that today’s cost of this plant would be £8.34 per ton milled 
per month. 

In so far as the ordinary metallurgical results still arrived at by 
existing plants are concerned, it is difficult to see where the original 
Brakpan design should be seriously modified. 

At present, the following monthly tonnages are being milled by this 
process: 


Toks Tons 

Springs Mines. . . 

West Springs. . . . 

New State Areas 

Extensions are being carried out at 

Brakpan Mines 12,000 

West Springs 10,000 22,000 

In addition to the above, an extension to one of the central 


Rand plants is contemplated having a capacity of 30,000 

A new plant on the Far East Rand is now being designed to 
handle 60,000 


So that in the near, future the total monthly tonnage being 
milled on these fields by this process will be approximately. . 242,000 

The tonnage crushed and treated at West Springs during the 25 work- 
ing days of the month of June, 1924, was 35,740 tons. The power costs 
for the month at the rate of 0.525 pence per unit, were as follows: 


Sorting and crushing, including washing plant and 

£. 

8. 

D. 

all main conveyor belts 

73 

15 

0 

Tube milling 

1,651 

2 

6 

Pulp elevating and classification 

141 

0 

0 

Reject pebble handling and crushing 

14 

0 

0 

Cyaniding slime 

73 

8 

0 

Air agitation 

56 

16 

0 

Butters filter plant 

165 

10 

0 

Precipitation and recovery 

56 

16 

0 

Return solution pumps 

35 

4 

0 


£2,267 

11 

6 


35.000 

40.000 

65.000 140,000 


Thus the cost of power per ton crushed and treated is 15.22 pence. 
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EsnxATBiD Capital Cost of Plant fob 40,000 Tons Pbb Month at Wbst 


Spbings, Ltd. Reduction Plant 

£ £ 

Ore transport plant 9,494 

Transport by belt conveyors 9,494 

Sorting and crushing station 25,600 

Buildings 4,180 

Washing and screening plant 8,450 

Sorting plant 6,100 

Crushing plant 6,870 

Tube-millii^ plant 66,600 

Buildings 11,660 

Tube-milling equipment 41,720 

Pebble-handling plant 11,690 

Waste-removal plant 120 

Other equipment 1,410 

Pulp-elevating and classification plant 14,900 

Buildings 500 

Pulp-elevating plant 1,200 

Clarification plant 1 1 ,420 

Piping, laimders, trestles and platforms 1,780 

Slime plant 92,900 

Buildings 1,890 

■, Tanks and equipment 32,270 

Filter plant 41,460 

Compressed-air plant 1,470 

Pumps 4,540 

Motors and electrical equipment 3,770 

Piping, launders, trestles, and platforms 7,340 

Other equipment 160 

Waste-rock and residue disposal plant 3,800 

Waste-rock disposal 1,910 

Slime disposal 1,060 

Slime dam 340 

Piping, launders, trestles, and platforms 490 

General water and solution services 5,800 

Buildings 40 

Equipment 5,760 

Recovery plant 18,800 

Buildings 3,740 

Precipitation plant 8,590 

Smelting and clean-up plant 4,280 

Motors and electrical equipment 1,220 

Piping, launders, trestles and platforms 920 

Other equipment 50 

Electric power and light supply plant 9,040 

Main transformer station 4,600 

Subsidiary transformer and distribution stations.. . 1,440 

Transmission and distribution plant 3,000 


Total 246,934 

Cp^ per ton milled per month, £6. 17 
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Notb. — the event of the mine reaching a condition that wanante a monthly 
tonnage of 50,000, it is possible, as already mentioned, that this could be milled with 
the ftyiatin g plant, in which case the capital cost per ton milled per month would be 
reduced to £4.94. Should such expectations not be fulfilled, the alternative would be 
the addition of two tube-mills to the milling plant at a cost of £15,000. This would 
give a figure of £5.24 per ton milled per month. 

Costs are based on the following data: 

Excavations l/9d. per cu. yd. 

Concrete in place 42/- per cu. yd. 

Steel tanks (second hand) £18.13.6. per ton erected 

Steel structural work (new) £31.0.0. per ton erected 

Timber 5/7d. per cubic foot 

Average rate of European wages 24/- per day 

Average rate of native wages 2/- per day 

Operating Results at West Springs Mill* 

The plant was started up in April, 1924, and went into full commission 
the following month without any diflSculties being encountered. After 
a few months’ operation, it was evident that the eight tube-mills installed 
were capable of handling 40,000 tons per month; as a matter of fact, in 
December the plant milled 41,050 tons. In view, however, of possi- 
bilities in respect of tonnage production, two additional tube-mills were 
installed, the first of which went into operation on Jan. 5 and the second 
on Jan. 19 of this year, thus bringing the nominal capacity of the reduc- 
tion plant up to 50,000 tons. When this figure is reached, a correspond- 
ing improvement in the costs, as given here, may be anticipated. 

Costs 

In January of this year a new system of statistical records was intro- 
duced in the mines controlled by the Anglo-American Corpn. of South 
Africa, Ltd.; as this system makes many details of working costs more 
readily accessible, the period covered by January, February, and March 
of this year has been dealt with for the purpose of this paper. For this 
period, the general operations were as follows: 


Tons hoisted from the mine 157,589 

Tons from development dump 10,105 

Total toimage sent to sorting and crushing station 167,694 

Eliminated by porting, tons 32,304 

Tons milled 134,400 

Tons treated 135,861 

Average reduction cost per ton milled over period 3/6.480d. 


» On May 13, 1925, Messrs. Davis, Willey, and Ewing presented to the South 
African Institute of Engineers a paper embodying statements of tonnage treated 
with costs at the West Springs, Ltd. mill, for January, February, and March, 1925. 
This information is added to the original paper through the courtesy of the author 
and the South African Institute of Engineers. 
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This total reduction cost is made up under the following main heads, 
each figure being the average for the period: 


Pbncb 

Sorting and crushing 7.0481 

Tube-milling 20.6535 

Cyaniding slime 8 . 4518 

Butters filter plant 3 . 3320 

Recovery 

Precipitation 1 . 9571 

Smelting and osmiridium recovery 1 . 0375 

Total 42.4800 


Sorting and Crushing . — This section begins with the transport of ore 
from the headgear bins, includes the elevation of rock to and withdrawal 
from the stock pile, and ends with the delivery of the ore into the main 
tube-mill bins, embracing also the delivery of ore from the development 
rock dump, the disposal of all waste rock and the operation of the washing 
plant. The detailed costs of this section are as follows: 



Cost 
PER Ton 
Millbd, 
Pbncb 

Cost 

PBR Ton 
Handled, 
Pence 


Cost 
PBR Ton 
Milled, 
Pence 

Cost 
PER Ton 
Handled, 
Pbncb 

White wages 

0.4911 

0.3946 

Sundries and phthisis 



Native wages 

2.1071 

1.6931 

charges 

0.1500 

0.1205 

Crusher spares . . 

0.6661 

0.5352 

Workshops 

0.4821 

0.3874 

Conveyer belt 

sus- 


Power 

0.3714 

0.2984 

pense account . 

0.5357 

0.4305 

Dump account 

0.7982 

0.6414 

Oil and srease. . . 

0.1446 

0.1162 

Washing plant 

1.3018 

1.0460 



• 

Total 

7.0481 

5.6633 


Tube-miUirlg . — This section begins where the previous section ends, 
and includes the milling and classification of tube-mUl pulp and delivery 
of same to the inain pulp-elevating pumps; also transport, sorting and 
crushing of reject pebbles. The detailed costs of this section are as 
follows: 


Cost 
PBR Ton 
Millbd, 
Pbnoi 

White wages 1.0464 

Native wages 0.9250 

Liners suspense account 1 . 0714 

Tube-mill spares, castings, etc . 1 . 7928 

Conveyor belts 0 . 2179 

Sundry stores 0 . 1357 

Oil and grease, etc 0 . 3536 

Lime 0.2286 

Electric material 0.0571 

Sundries 0.3750 


Cost 
PKB Ton 


Millbo, 

Pbncb 

Workshops 1 . 3696 

Electric power 10 . 1821 

Air power 0.2983 

Assaying 0.1429 

Retmn solution service 0 . 1321 

Dorr classification and tube-mill 

circuit pulp elevation 0.8750 

Reject pebble transport, sorting 
and crushing 1 .4500 

Total 20.6535 
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Cyaniding Slime. — ^Thie process begins with the main pulp pumps, 
and includes slime collection, decantation, hosing, transfer to Pachuca 
agitating tanks and main pumps to stock pulp tank, also disposal of 
tailii^ and maintenance of slime dams. The detailed costs of this 
section are as follows: 



Cost 
PER Ton 
Milled. 
Pence 

Cost 

PER Ton 
Treated, 
Pence 


Cost 
PER Ton 
Milled, 
Pence 

CORT 
PER Ton 
Treated, 
Pence 

White wages 

0.8196 

0.8108 

Workshops 

0.1232 

0.1219 

Native wages 

0.3929 

0.3886 

Ellectric power 

0.3305 

0.3269 

Cyanide 

2.9375 

2.9059 

Return solution service 

0.1321 

0.1307 

Chemicals and assay- 



Main pulp pumps. . . . 

0.3929 

0.3886 

ing 

0.0321 

0,0318 

^ agitation 

0.2071 

0.2049 

lime 

0.5769 

0.5707 

Rand Water Board 



Lead acetate 

0.2392 

0.2367 

charges 

1.7375 

1.7188 

Pump spares, etc 

0.3071 

0.3038 




Sundries 

0.2232 

0.2208 

Total 

8.4518 

8.3609 


Butters Filter Plant. — This section begins at the delivery into the 
stock pulp tank and ends with the tailings discharge pumps. The 
detailed costs of this section are as follows: 


Cost Cost 
PER Tor per Ton 
Milled. Treated. 
Pence Pence 

White wages 0.8696 0.8602 

Native wages 0.3661 0.3621 

Chemicals and acids.. . 0 . 2393 0 . 2368 

Pump spares and cast- 
ings 0.1964 0.1943 

Oil and grease 0.0696 0.0689 


Cost Cost 
PER Ton per Ton 


Sundries 

Milled, 

Pence 

. .. 0.2429 

Treated, 

Pence 

0.2402 

Workshops 

... 0.1571 

0.1555 

Electric power. . . . 

. .. 0.9821 

0.9716 

Air agitation 

... 0.0696 

0.0689 

Assaying 

... 0*1393 

0.1378 

Total 

. .. 3.3320 

3.2963 


Precipitation, — This section begins at the solution clarifying tanks, 
embraces the Crowe-Merrill zinc-dust precipitation and ends with the 
barren solution pumps. The detailed costs of this section are as follows; 


Cost per 
Ton of 
Cost Solution 
PER Ton Prbcipi- 
Milled, tated, 
Pence Pence 

Tons of solution precipitated » 244,418 

White wages 0.4196 0.2308 

Native wages 0.0660 0.0363 

Zinc dust 0.4964 0.2730 

Filter cloth and paper 0.2250 0.1237 

Chemicals and lead • 
acetate 0.2661 0.1463 


Cost per 
Ton op 
Cost Solution 
PER Ton Prbcipi- 
MiLLED, TATED, 

Pence Pence 

Sundries 0 . 1268 0 . 0697 

Workshops 0 . 0750 0 . 0412 

Electric power 0 . 2232 0 . 1227 

Assaying 0.0590 0.0324 

Total 1.9571 1.0761 


Smelting and Osmiridium Recovery. — This section begins with the 
handling of gold zinc slime from Merrill presses, covers all other opera- 
tions up to depositing the gold with the refinery authorities, and includes 
recovery of osmiridium. The detailed costs of this section are as follows: 
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Cost 
PEB Ton 
Milled, 
Pence 

Cost pee 
PEB Fine 
Ounce 
Smelted, 
Pence 


Cost 
PEB Ton 
Milled, 
Pence 

Cost pbb 
PEB Fine 
Ounce 
Smelted, 
Pence 

White wages 

... 0.2500 

0.6440 

Sundries 

0.1339 

0.3450 

Native wages 

... 0.0286 

0.0736 

Workshops 

0.0429 

0.1104 

Sulfuric acid 

... 0.1376 

0.3542 

Assa 3 ring and electric 



Pots and liners 

... 0.2054 

0.5290 

power 

0.0232 

0.0598 

Chemicals 

... 0.1160 

0.2990 




Coal 

... 0.1000 

0.2576 

Total 

1.0375 

2.6726 


Subaccount — The eight subaccounts necessary for the building up of 
these costs are also reproduced in order to make the cost details as 
complete as possible. 


Washing Plant 


Tons milled 134,400 

Cost per ton milled 1 . 3018d. 


Cost 
PEB Ton 
Milled, 


Pence 

White wages 0 . 1375 

Native wages 0 . 3696 

Conveyor spares, castings, etc. . . 0.2036 

lime 0.0679 

Sundries 0.0929 


Cost 
PEB Ton 
Milled, 


]^NCB 

Workshops 0.2588 

Electric power 0 . 0465 

Rand Water Board — ^water 0.1250 


Total 1.3018 


Main Haulage Dump 


Tons waste sorted 32,304 

Tons reclaimed 10, 105 

Tons waste from mine 6,650 


Total tons handled 49,059 

Cost per ton handled 3 . 1945d. 


Cost 
PEB Ton 
Handled, 
Pence 


Cost 
PEB Ton 
Handled, 
Pence 


White wages 0.3229 

Native wages 2 . 1526 

Oil and grease 0 .1076 

Sundries 0.2299 


Workshops 0.2250 

Power 0.1565 


Total 3.1945 


Reject Pebbles 


Tons transported 33,677 

Tons sorted 2,136 

Tons crushed by disk crushers 31,541 

Tons milled 134,400 
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CJOST 
psB Ton 
Millbd, 
Pnnob 

Cost 
PBB Ton 
CBX mRBD 
BT Disk 
Cbubhbrs, 
Pbncb 

White wages 

.. 0.0321 

0.1369 

Native wages 

... 0.6376 

2.2904 

Crusher spares 

.. 0.4654 

1.9403 

Conveyor spares 

... 0.0821 

0.3600 



Cost 
PBB Ton 
Millbd. 
Pbncb 

Cost 
PBB Ton 
Cbtjsrbd 
BT Disk 
Cbushbbs, 
Pbncb 

Sundries 

... 0.0411 

0.1750 

Workshops 

... 0.2071 

0.8827 

Electric power 

... 0.0946 

0.4033 

Total 

... 1.4600 

6.1786 


Dobs CsAssmcATioN and Tobb-Mild CiBcmT Pulp Elevation 


Cost 
PXB Ton 
Millbd, 
Pbncb 

White wages 0.1964 

Castings. 0.0393 

Sundries 0.0393 

Workshops 0.0732 

Electric power 0 . 6268 

Total 0.8750 

Main Pulp Pump 

Cost per ton milled 0.3929d. 

Return Solution Service 

Cost per ton milled 0.2642d. 

Air Agitation 

Cost per ton milled 0 . 3482d. 

Assaying 

Cost per ton milled 0. 1176d. 


All these figures are taken from the mine accounts, which are framed 
in the form given. In connection with these costs, we would draw atten- 
tion to one or two items of expenditure which are somewhat unusual: 

Rand Water Board Water . — The cost of water charged to the plant is 
is 1.8625d. per ton milled; this is because the mine has extremely limited 
sources of water at its own disposal. 

Compressed air for pulp agitaiion is supplied by a separate plant, which 
is a direct charge to reduction costs. Compressed air is also used for 
other services, such as air lifts for floor drainage. The amoimt of air so 
used is metered and debited at cost of production. In the same way, all 
repair work that is not carried out as a direct charge against the reduction 
plant, is debited at current workshops cost. Native labor is charged at 
the current mine rate. 

Su^ense Accounts . — Certain items of material, as tube-mill liners, 
conveyor belting, etc., are dealt with on a fixed basis per month; in other 
words, by means of Suspense Accounts. The amounts of these are 
calculated to meet safely the average annual expenditure of such items, 
and are considered to be on a very conservative basis. 
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Running Time. — Durii^ the period under review, the tube-mill plant 
ran for 97.136 per cent, of the possible running time (i. e., 144 hr. per 
week). Ordinary stoppages accounted for 2.095 per cent, of the time lost, 
and the remaining 0.770 per cent, is accounted for by failure of the main 
power supply. 

Running Staff. — The number of white men employed in the reduction 
plant is twenty-five, which includes three sectional managers, one clerk, 
one grader, and four mechanics. 

Power Consumption. — During the period under review, the consump- 
tion of electricity amounted to 27.04 kw.-hr. per ton milled, correspond- 
ing to a cost of 12.308d. per ton milled. The consumption of the electri- 
cally driven air compressors for slime agitation is, of course, included in 
the foregoing. Power for tube-milling alone amounted to 2,708,019 kw.- 
hr. The grading of the final product was 

60 +90 +200 - 200_ 

Nil 3.30% 23.37% 73.33% 

so that 96.7 per cent, of 134,400 tons of —90 mesh was produced for this 
figure, or 20.83 kw.-hr. per ton of —90 mesh produced. 

General Notes on Operation 

Perhaps the most essential feature of the West Springs plant is that 
it was designed with the intention of grinding all the ore much finer than is 
ordinary Rand practice, particularly on the Central Rand where, from 
the nature of the ore and type of existing plants, such fine grinding is not 
economicaUy desirable. It is, of course, possible to grind to almost any 
degree of fineness by stamp milling only; and, with a greater degree of 
economy, by stamp-milling cum tube-milling. The production of a pulp 
of approximately the same degree of fineness as that for which the West 
Springs plant is designed has been attained in one or two plants of stand- 
ard type, but the conditions have been abnormal, inasmuch as th6 capa- 
city of the reduction plants have been, owing to extraneous causes, con- 
siderably in excess of the monthly tonnages available for milling. The 
authors’ experience in this connection may be summarized as follows: 

In December, 1923, and January, 1924, a two months’ test was carried out on 
the original stamp-mill-tube-mill plant at Springs Mines, Ltd. This test consisted 
in producing a pulp of the same average grading as that being produced in the new 
so-called ''all sliming” section of the plant. Throughout these two months, a 
product of similar grading, resulting in a similar residue value, waS produced in 
the two sections. At the end of the period a careful comparison of the costs on the 
original plant when producing this finer product, with the costs during the preceding 
four months, when the normal grading of 

+60 +90 -90 

0.5 to 1% 8 to 10% 90 to 92% 

was being produced, showed an increase in the cost of stamp-milling and tube-milling 
of 6.061d. x>er ton milled. 

VOL. laoa.— 04 
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The ooste now put forward will probably comp&re favorably with those 
pertaining to the older type of plant in spite of the considerably increased 
fineness of grinding and the capital cost involved is considerably less. 

Sorting and Crushing Plant 

As the milling process is carried out in cyanide solution, it was decided 
that a thorough preliminary alkaline wash would be desirable, so the 
washing process was made as complete as possible in order to minimize 
wear of conveyor belts. 

A year’s experience of conveyor maintenance has more than confirmed 
the view that good washing is essential to a good belt life. In the washing 
process during this period, 1340 tons of slime, with a grading analysis of 
«j.200 200 

~20% 93 y was eliminated and pumped direct to the slime plant for 

treatment; this quantity is 1 per cent, of the total ore milled. 

Belt Conveyors . — The automatic feeder employed on the 36-in. belt 
feeding run-of-mine ore to the stock pile, and the 36-in. conveyor feeding 
the sorting and crushing plant, has given exceedingly good results, 
because of the careful design of the chute angles and the speed of delivery 
in relation to the belt speed. These belts have each carried 585,000 tons 
of run-of-mine ore and show so few signs of wear and tear that, barring 
accidents, their life should be about three years. Throughout the 
conveyor plant, as far as possible, incoming ore is cushioned on a bed of 
fines, which the mechanical feeders provide automatically. As the 
total feed to the tube-mill bins is practically all 1%-in. material and has 
been thoroughly washed, an automatic tripper is used for feeding the 
tube-mill bins instead of the more common shuttle belt. No difficulties 
of any kind have attended the use of the tripper. There appears to be a 
considerable saving in labor cost, and a good mixture of the ore in the bins 
is easily secured. The latter is an important point in a plant of 
this nature. 

The sorting and crushing plant is fed by a single automatic feeder by 
which the hourly rate of flow of run-of-mine ore into the plant can be 
closely regulated. A steady flow of ore is an important factor in the 
general capacity and efficiency of a sorting and crushing plant. A com- 
plete warning-bell system, with push buttons at all strategic points, 
together with a push-button control system operating on the no-voltage 
release of the driving motors, enables the main feeder, or any belt, to 
be stopped instantaneously from a number of points in case of accident, 
choking of chutes or other eventualities. This arrangement has many 
times prevented damage to belts and gears, and has saved its initial cost 
several times over. 

Crushing . — Crushing is carried out by two gyratory crushers of stand- 
ard type, fed from steady-head bins containing about an hour’s supply 
of ore per crusher. This enables a continuous choke feed to be main- 
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tained, which greatly improves the product from the crushers, and the 
steady-head bins minimize the effect of temporary stoppages in the flow 
of ore through the plant. The sorted waste bins are large, and the 
bottom is formed of waste rock inside the angle of repose resting on the 
solid ground. The sorting-belt floor is hung from the roof principals 
instead of being supported by posts going down through the waste bins. 
This design is not novel, but is excellent in that it reduce the maintenance 
of bin linings to a minimum. 

Tube-milling Plant . — The back-to-back arrangement of plant lends 
itself to easy and, therefore, good supervision; furthermore, ample space 
and good daylight are required in a lay-out of tube-mills and Dorr 
classifiers. The ordinary double-sided bin commonly used in back-to- 
back stamp-mill practice, does not permit of these conditions being 
satisfactorily attained. The type of bin actually adopted insures ample 
light at the head, or feed, end of the tube-mills, and permits the tubes on 
opposite sides of the building to be staggered on 30-ft. centers, thus giving 
ample space and daylight, at the same time allowing the bins to be self- 
emptying. The ordinary type of belt drive for tube-mills has been 
replaced by enclosed single-reduction gears, the gearboxes being fitted 
with ‘‘Micheir^ bearings and automatic lubrication throughout. The 
wear and tear of these gears is inappreciable after 12 months^ service, and 
points to a long life. They have reduced maintenance cost greatly and 
considerably increased mechanical efficiency. With the adoption of these 
gears, all difficulties in starting tube-mils, that have been standing for 
some hours, have disappeared. In a plant that is shut down for 24 hr. 
every week, the aggregate loss of time in starting-up tube-mills 
is appreciable. 

In a closed tube-mill-Dorr-classifier circuit, it is necessary to introduce 
some device for elevating pulp from the tube-mill outlet to the classifier, 
or the classifier oversize to the tube-mill. The ordinary scoop method for 
elevating the latter product into the tube-miU was found impracticable 
because of the size of the tube-mill and classifier units used. Recourse 
was, therefore, had to supplying the necessary solution, required for 
classification, under pressure to a hydraulic jet, and thereby elevating 
the tube-mill effiuent to the classifiers. This method is by no means 
perfect. The mechanical efficiency of the process is probably not more 
than 8 per cent., as refinements in the form of jet to attain better effici- 
ency mainly result in increased maintenance costs. On the other hand, 
the device is extremely simple and effective in operation, and automati- 
cally maintains the correct ratio of dilution, which is very necessary for 
consistent classification. 

The Dorr classifiers, which are 8 ft. wide and 18 ft. 4 in. long, are 
operated at thirteen strokes per minute. The average grading of^ the 
finished product of the overflow of the classifier is 
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+60 +90 +200 -200 

Nil 3.30% 23.37% 73.33% 

and the average grading of the oversize return to the tube-mill 
+60 +90 +200 -200 

39.2% 33.3% 21.1% 6.4% 

the ratio of dilution in the classifier overflow being seven of solution to 
one of solids. 

The quantity of sdected grinding pebble added to the tube-mills 
averages 27 tons per tube-mill per 24 hr. This quantity is about 7 tons 
hi^er than was anticipated from the result of experimental work on the 
same size of tube-mill carried out at Sprinp Mines, Ltd. The difference 
is attributable to a lack of sufficient pebbles of really suitable shape and 
size, which deficiency must be made up by the addition of pebbles of a 
slabby and, therefore, more easily fractured form. 

"V^^e the experimental work carried out with certain ts^pes of tube- 
mill liners was by no means final and conclusive, results obtained seemed 
to show that, within the very narrow limits of grading imposed by the 
necessity of obtaining a specified residue from the ore treated, no particu- 
lar advantage pertained to these liners over that obtainable with the 
ordinary Osborn bar type. It must be borne in mind, however, that with 
a wider range of grading, results might have been quite different. A 
point worth mentioning is that the increased diameter of the tube-mills 
does somewhat increase the difficulty of securely wedgmg the ordinary 
Osborn bar lining. A modification of the ordinary procedure quite over- 
comes this difficulty; it consists mainly in a special locking ring in the 
middle of the length of the tube-null. 

The reject pebble to be handled in this plant is considerably more 
than that handled in ordinary practice; the total figure, for the period 
under review, is 33,677 tons. The handling of these pebbles is entirely 
automatic; they are delivered by belt to the reject-pebble sorting and 
crushing plant. The reject material is composed of approximately 50 
per cent, reef and 50 per cent, waste. The sorting of pebbles from 1 in. 
to ui* diameter is, of course, an expensive process per ton sorted, 
which is reflected in the cost of native labor given above under this 
head, but every ton eliminated at this point bears no further cost of 
cracking, tube-milling and treatment; alro it makes room for a ton of 
new ore of the average grade of ore milled. The pebbles are cracked in 
disk crushers, the object being not so much to obtain a fine product as 
to obtain fre^ angles for attrition in the tube mill. It is, of course, very 
important to keep tramp iron out of crushers of this t 3 rpe; this has been 
attained by a simple magnetic device. 

The average grading of this material after cracking is as follows: 
+lm. +14 in. ^+1^ in. +60 mesh +90 mesh +200 mesh —200 mesh 
Na 6.2% 28.1% 60.1% 1.9% 1.2% “ 2.5% 
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Cyaniding Slime . — ^The finished product from the tube-mill plant is 
elevated to six slime ooUectors 70 ft. in diameter by 12 ft. h^, with 5 ft. 
6 in. coned bottoms. The solution overflows into internal periphery 
launders and gravitates to storage tanks for return to the tube-mill 
circuit, a sufficient quantity being withdrawn daily and sent to the pre- 
cipitation plant to maintain the mill circuit at a figure of approximatdy 
2.5 dwt. per ton of solution. In order to minimize the amount of 
pumping required for decantation of the remaining solution in the col- 
lectors, the tanks are interconnected by 8-in. pipes placed about half- 
way up the sides. The settled slime is transferred to Pachuca air agitat- 
ing tanks in the usual way, except that separate pipelines are provided 
for filling and emptjdng these tanks. This is done to reduce the amount of 
contamination of treated pulp to a minimum. This arrangement also 
shortens the cycle time of operation. The grading of the final product 
from the tube-mill plant being somewhat coarser than that usually dealt 
with in ordinary slime and Butters filter plants, the grade of all piping 
carrying the final product is correspondingly increased. The average 
time of agitation is 12 hours. 

BuMers FiUer PlatU . — This plant consists of sixteen hoppers containing 
448 leaves; the average time taken per complete cycle is under 100 min., 


made up as follows: 

Minutes 

Filling , 8 

Taking on cake 12 to 15 

Emptying excess pulp 6 

Filling with solution 6 

Washing 36 

Sampling and dropping cakes 10 

Emptying excess solution 10 

Discharging to residue pit 5 


The thickness of cake varies from 1^ to 1^ in. The time required 
for hosing out the residue pit and pumping to the dam varies from 45 
to 60 min. The average charge treated per cycle is 220 tons. 

Recovery . — Precipitation is carried out by the Crowe-Merrill zinc-dust 
process in three 40-frame, 54-in. filter presses. The average quantity of 
solution precipitated is 64 tons per press per hour, two presses being 
normally in operation. Presses are cleaned up twice per month, and, 
after acid treatment and calcination, the gold slime is smelted in a rever- 
beratory pot furnace. The slime after acid treatment averages 35 per 
cent, gold, and after calcination 60 per cent. 

Owing to the extreme difficulty in prognosticating the extent and 
values of the occurrence of metals of the platinum group on these fields, 
it was not consider^ advisable to install an daborate plant for the sole 
purpose of increasing the recovery of these metals. This view was 
strengthened by experimental work at Springs Mines in the latter part of 
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1923, which showed that an appredaUe amount of osmiridium was locked 
up in the tube-mills, and this could be recovered by a simple process of 
treatment of tiie tube-mill concentrates. In 1924, at Springs Mines, 
Ltd., this method yielded 260 oz. of osmiridium concentrates from a total 
of 770,000 tons milled, at a quite inappreciable cost of recovery, and 
during the three months under review West Springs actually recovered 
17.5 oz. from current milling operations. 

General . — ^The following figures of working results obtained in the 
treatment plant for the period under review may be of interest: 


Tons treated 

Average residue grading 

Average value of residue 

Average value of undissolved gold in 
residue 


135,861 

+60 4^ +200 -200 
Nil 3.50 21.97 74.53 
0 . 464 dwt. 

0.422 dwt. 


Consumption op Stores 


Cyanide 0.309 lb. 100 per cent. NaCn 

per ton treated 

Zinc 0 . 076 lb. per ton treated 

lime 2.458 lb. per ton treated 

Sulfuric acid 0.072 lb. per ton treated 

Hydrochloric acid 0.093 lb. per ton treated 

Lead acetate 0.038 lb. per ton treated 


The grading results given throughout, with the exception of those for 
the disk crusher product, are obtained from the use of Locker^s standard 
screens of the following dimensions: 


Apxbtubxb 
PSB Linxab 
Inch 


Dxamktxb 
OF Apxbtcbbs, 
Inch 


Dxambtbb 
OF WlBlS, 
Inch 


60 0.010 0.0048 
90 0.006 0.0036 
200 0.003 0.0020 


Since these notes were compiled, the results for the month of April 
have been received; these show that the tonnage milled was at the rate of 
50,000 tons for a 27-day working month, and that the total reduction 
costs amounted to Ss. 3.627d. per ton as compared with the figure of 3s. 
6.4^0d. for the period covered by this paper. 

In conclusion, the authors’ thanks are due to the Chairman and 
Directors of the Board of West Springs, Ltd., for their permission to put 
forward the figures and results contained in the foregoing notes. 


DISCUSSION 


Chabm» E. Locke, Cambridge, Mass. — ^In this country, we have 
come to think that we should use smaller size of feed in our ball-mills. 
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I will admit that a ball-mill is not comparable to a tube-mill, as condi- 
tions may not be tiie same, but there we have an unusual demonstration 
of the advantage of a coarser feed. Further investigation along this 
line is going to lead to some valuable results. The authors have over- 
come the difficulty of this coarse feed by taking out what I would 
call the difficult lumps. It is not clear from the paper whether many 
of these difficult lumps may not be reduced portions of their 
grinding media. 

H. W. Hardinoe, New York, N. Y. — ^The idea is not exactly new 
because in 1911 they used the miner to reduce the finer material. We 
proceeded three or four years using many tons, about 15 tons or nearly 
the same proportion of ore to grinding medium. Another thing to be 
taken into account is the hardness of the ore being ground. In South 
Africa, the transportation costs must be taken into account. They are 
also making progress in the method of using tube-mills and ball-mills 
instead of stamps. Experiments are to be conducted with 10-ft. diameter 
mills there, with the object of increasing the mass action and agitation 
which, as has been demonstrated under different circumstances, increases 
the overall efficiency. 

In 1902 or 1903, I operated tube-mills of 20 ft. in length. My next 
mill was reduced to 8 ft. in length, my next was 6 ft. in length. We got 
the same results. I think the length of a tube-mill is a question that 
might be carefully looked into. I do not like to say much about it, 
because it takes more or less of a commercial rather than a technical 
aspect but I have only given the facts as I have observed them. 

H. N. Spicer, New York, N. Y. — Since the paper was written, the 
authors have been following up that line of work and I have received the 
results of several months’ experiments on running a Dorr bowl classi- 
fier, instead of the straight classifier in closed circuit with a tube-mill. 
I have not had time to analyze these closely but they show that on a 
percentage basis the relative efficiencies work out as follows: Cone, 
100; straight Dorr classifier, 117; Dorr bowl classifier, 125. The 
authors are apparently satisfied that the extra benefits to be derived from 
the use of the bowl machine warrant its introduction, as it leads to an 
increased tonnage per grinding unit. The production of +90-mesh 
material is reduced and the smaller amount of undersize returning to 
the mill is a marked benefit. 

G. M. Brown, New York, N. Y. — While connected with a company 
operating in northern Canada, I had an opportunity to observe results 
obtained from tube-mills of different lengths. The first tube-mill 
installed was 5 ft. in diameter by 22 ft. long and was operated in closed 
circuit with a Dorr Model C duplex dassifier. Later, an additional 
unit was needed so a tube-mill 5 ft. in diameter and 16 ft. long was 



1016 FINE OBINDING AND TlftEATlfBNT OF WJTWATSBSRAND OBEB 


installed and operated in dosed circuit wiUi a Dorr Model C duplex 
classifier* Each of the tube-mills handled the oversise product from a 
6 ft* by 22 in. Hardinge ball-milL Each unit handled 150 tons of ore 
and the screen analysis of each dassifier overflow averaged about 85 per 
cent. -^200-me8h. While the 16-ft. tube-mill required less power and 
appeared to do about the same amount of work as the 22-ft. mill, it was 
noticeable that the dassifier in closed circuit with the shorter mill carried 
a heavier circulating load and the mill had a greater tendency to overloi^* 

H* W. Habdinge.— The Anaconda Copper Mining Co. originally 
used mills 10 ft. in diameter. They reduced them to 7 ft. in diameter, 
but after about 6 years increased the diameter to 10 ft. and obtained 
considerably greater eflBiciency. The present capacity is fully 20 per 
cent, greater for the same power than was obtained with the long mill 
of smaller diameter. 

G. M. Bbown. — I am informed that the Anaconda Copper Co. 
wished to handle a large circulating load and reduce the moisture content 
of the returned sands. They,, therefore, installed a 60-in. Akins classifier 
to operate in closed circuit with one of their Hardinge mills. I under- 
stand that at certain periods this classifier handled a circulating load of 
approximately 2000 tons per 24 hr., at the same time overflowing approxi- 
mately 500 tons of finished —48-mesh material. However, the average 
operation was a circulating load of approximately 1500 tons with a 
classifier overflow of 400 tons of finished material. 

Justice F. Gbugan, New York, N. Y. — With regard to the pebbles, 
1 was much impressed with the irregular character of these masses of 
silica. They are not like the ordinary round pebbles used in crushing. 
The Rand pebbles are about 4 to 4^ in. wide and from 8 to 12 in, long 
and irregular in shape. Just what effect in crushing that irregular size 
might have I do not know. 

H. N. Spiceb. — I have seen a tube-mill give out and have watched it 
being emptied. The pebbles as a whole become rounded. 

R. C. Canby, Wallingford, Conn., (written discussion). — The feeding 
of coarse ore into the tube-mill, with the resulting increased capacity, 
recalls my experience at La Luz mill, of the Montezuma Lead Co. at 
Santa Barbara, Chihuahua, Mexico in 1902 or 1903. The 6-ft. ''Mon- 
adnock’^ Chilean mills (Wellman-Seaver-Morgan Co.) had an apparent 
maximum capacity of about 30 tons upon the comparatively ^e jig 
tailings. From my examination of the action of the material in the mills, 
I determined to try adding, with the jig tailings, some coarse ore, and was 
successful in adding as much again of ore passing a 2-m. ring. The 
annular feed troughs of the mills were replaced by annular troughs 
having the bottoms especially designed to allow the coarse ore to fall to 
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the vertical feed pipes, delivering the feed onto the ring die directly in 
front of the rollers. This coarse ore was fed dry directly into the annular 
mill feed trou(^s. By this means of adding to the' 30 tons of tailings, 
with the convesring water, 30 additional tons of through 2-in. material, 
dry, the swash was reduced, and the pulp thickened. The coarse ore 
was a selected ore having but little galena sufficiently coarsely disseminated 
to have made any considerable proportion of jig concentrate. No 
coarse ore was removed from the mills, but the feed of coarse ore was 
suspended at times for brief periods if the mill showed overload. While 
this procedure did practically double the Chilean-mill capacily, it was 
not well adapted to Chilean-mill practice because of the greatly added 
screen wear, when using punched slotted screens. It convinced me quite 
fully as to the inadaptability of Chilean and Huntington mills for the 
work, to which they were so largely put in those days, and in the case of 
the Chilean mill, at least, the coarse ore performed much more of a 
function than providing easUy breakable angles. 
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Determination of Dissolved Oxygen in Cyanide Solutions 

Bt a. J. Weinm,* Met. E., and Max W. Bowen, Gou>en, Colo. 

(New York Meeting, February, 1925) 

The important part that dissolved oxygen plays in the cyanide treat- 
ment of gold and silver ores is commonly recognized by most metallurgists 
and mill men. But heretofore there has been no simple method on which 
the mill man could rely for determining the amount of oxygen in the 
various mill solutions. A few methods are adaptable to the laboratory, 
such as the gasometric^ determination by actually measuring the oxygen, 
Winkler's* iodometric method, and Schutzenberger's* method, which 
depends on the reducing action of sodium hyposulfite on a blue solution of 
indigo carmine; but these are not readily adaptable to the needs of the 
mill man and cannot be applied to cyanide solutions without modifica- 
tion. The gasometric method is the most accurate but it takes too long 
to complete a determination. White's^ method (a colorimetric method 
that depends on the degree of coloration imparted to a solution of pyro- 
gallic acid in the presence of caustic soda) although much more rapid 
than any of the methods named, often gives misleading results on account 
of grading of colors of different solutions, which nearly always contain 
various kinds of salts. 

The method herein described was devised for the use of the mill man, 
the aim being to develop a simple, practical, accurate method. It is a 
modification of the Schutzenberger method and depends on the reducing 

* Director of Experimental Plant, Ck>lorado School of Mines. 

1 Augustus H. Gill: Gas and Fuel Analysis for Engineers, 39. John Wiley & Son, 
New York. Hemple’s Gas Analysis, Translation by Dennis. 

C. Lunge and C. A. Kean: Technical Methods of Chemical Analysis, 1, 5, 189. 
Van Nostrand, New York. Technical Gas Analysis, Winkler and Lunge, 68-100. 

» Jnl. Soc. of Chem. Ind., London (1889) 8, 727. 

»/n/. Soc. of Chem. Ind., London (1889) 8, 729. 

^Jnl. of Chem. & Met. A Min. So^. of S. A. (1918). 

Edward M. Hamiltga: Manual of Cyanidatjon, MoGraw HiU Book Co. 
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action of a sodium hydrosulfite solution on a solution of indigo blue indi- 
gotin-Kiisulfonate. The method determines oxygen accurately to tenths 
of a milligram per liter of solution or one part of oxygen in 10,000,000 
parts of solution on a 250 c.c. solution sample, with a proportionately 
greater degree of accuracy on larger amounts of solution samples. 

Saturation of Oxygen in Solution 

In this paper, the saturation of oxygen in solution is taken as that 
maximum quantity of oxygen which dissolves from free air,® which is 
very much less than the quantity of oxygen that dissolves in pure water 
from an atmosphere of pure oxygen.® The amount of oxygen that dis- 
solves in water depends on the atmosphere from which it is derived and, 
except in the case of hydrogen,^ this solubility is well explained by 
Dalton’s law of partial pressures of gases.® Salts dissolved in the water 
also affect the oxygen solubility but, under the usual concentrations 
found in practice, this is relatively unimportant. The oxygen content of 
air-saturated water is a function of the pressure and temperature; 
Winkler’s results are shown in Fig. 1. From this chart, the saturation 
point can be quickly determined for all localities and temperatures. 

Altitude-pressure and Standard Saturation Curves 

Chart Aj Fig, 1, is used to determine barometric pressures at various 
altitudes; chart B is used to determine standard saturation values for 
various temperatures and pressures. In chart A, altitudes, in feet, are 
plotted on the horizontal axis and pressures, in millimeters, on the vertical 
axis. To find the pressure corresponding to a certain altitude, follow 
the elevation line downward to its intersection with the curve X then 
horizontally to the right and read the pressure. For example, if the 
elevation is 6000 ft., the 6000-ft. line is followed to its intersection 0 
with the curve X then the corresponding pressure, 607 mm., is obtained 
from the right-hand side of the chart. 

In chart B, temperatures are plotted on the horizontal axis and the 
amount of oxygen, in milligrams per liter of distilled water, is plotted on 
the vertical axis; various pressure curves also are plotted, as shown. To 
find the saturation value for a certain temperature and pressure follow 
the temperature line upwards until the point corresponding to a given 
pressure is reached, then follow horizontally across to the left-hand side 
of the chart and read off the amoimt, in milligrams, of oxygen per liter of 

• Winkler: Op. cU (1901) 84 , 1440. 

A Dictionary of Chemical ^lubilities, Inorganic, 2. 

< Winkler: Op. ciL 84 , 3609. 

A Dictionary of Chemical Solubilities, Inorganic, 635. 

» Jni. Soc. of Chem. Ind., London (1889) 8, 729. 

* Eeed and Quthe: College Phyidcs, 118. 

Pede: ‘Mining Engineers* Handbook, 2052. 
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Bcdution. FiHrexMciple, to determine the amount of oxygen in a solution 
having a temperature of 59° F., at an elevation of 6000 ft. It has already 
been found that at an elevation of 6000 ft. the pressure is 607 mm.; 
therefore the 607-mm. pressure curve must be used; that is, it is necessary 
to interpolate between the 600-mm. and the 650>inm. curves. The 59° F 
line is followed to its intersection R with the 607-nim. curve, then from 
the left-hand side of the chart is read off 8 mg. of oxygen per liter. The 
same procedure is used for the various pressures, using the curve cor- 
reqmnding to the particular pressure. For any particular plant, a 
solubility curve for that elevation should be plotted. 



OXTOBN-SATUBATED WaTBB OB SOLUTION 

Our standard for comparison is air-saturated water or solution. This 
is best made by placing 1 liter of water or solution in a 2-liter Winchester 
bottle and violently blowing air through it. With distilled water or pure 
tap water, 20 to 30 min. aeration will insure saturation; but with mill 
solutions that contain hydrogen, saturation can only be attained by 
aerating at least for an hour. Solutions fresh from precipitation saturate 
with great difficulty; it may take several hours aeration to wash out the 
dissolved hydrogen before complete oxygen saturation can be attained. 
After this amation is completed, the solution should remain for hr. or 
longer at a constant temperature to insure the complete elimination of 
finely dissmnmated undissolved air bubbles, which would otherwise inter- 


A. J. WBINIO AND KAX W. BOWBN 


1021 


fere. When uung water for this standardization, it is well to add a little 
lime before aeration so as to produce alkalinity MmiW to tiie conditions 
found with cyanide solutions. This alkalinity does not materially affect 
the solubility of oxygen but is desirable so that the following procedure 
may be as near like that of cyanide solution as posable. When 
convenient, it is desirable to use distilled water. 

Apparatus 

The apparatus required for this test are: Two Winchester add bottles 
a, b, Fig. 2, liters capacity; one 250-c.c. flask c, one 50-c.c. burette 



d with side coimection; one common 50-c.c. burette e; one clamp stand / 
to hold burettes in position; one 400-c.c. beaker with the 250-c.c. point 
marked on it; one special ^ss stirring rod, shown in Fig. 3; glass or 
lead tubing (Ke in.) for connections; rubber tubing for connections; one 
pinch cock g for bottom of rubber coimection on burette that contains 
standard hydrosulfite solution; one container for kerosene to be used in 
the procedure. 

When setting up the apparatus, the relative position of the different 
parts shown in Fig. 2 must be closely followed. As there is a siphoning 
action from bottle a to bottle b and from bottle b to the burette d, the bot- 
tom of bottle a must be above the top of bottle b and also above the top 
of the burette d; also the bottom of the flask c should be above top of the 
burette d, for convenience. Bottle b contains the standard solution; 
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as this stuidard deteriorates very rapidly, if exposed to the sir, the bottle 
must be sealed air tight. This may be done in the following manner: 
Place a cork — ^not rubber — ^with two holes for the tubing in the neck of 
the bottle so that there is about 1 in. between the top of the cork and the 
top of the neck of the bottle, as shown in (a) Fig. 2. Place the tubing in 
the cork as shown, then pour melted shellac above the cork so as to fill 
the space completely. Care must be taken not to break the tubing or the 
neck of the bottle with the hot shellac; this danger may be avoided 
by having the glass perfectly dry and heating it before pouring in the 
hot shellac. 

The bottles are filled in the following manner: Remove the connection 
X and place a cork in the top of the burette d so that no solution can over- 
flow. Place a bottle containing 2)4 liters of kerosene so that its bottom 
is above the top of bottle a and connect this bottle to the bottom of the 
burette d with a siphon. Open the pinch cock g and the stop-cock j 
and allow kerosene to siphon into bottle h until it is filled. Replace the 
bottle which contained kerosene by a bottle containing the standard 
solution of hydrosulfite. This solution should always be, covered with a 
layer of kerosene; siphon the standard solution into bottle b, the kerosene 
being forced from bottle h over into bottle o automatically. As soon as 
the standard hydrosulfite solution has reached to within 1 or 2 in. of the 
top of bottle h, close both the pinch cock g and the stop-cock j. After 
the flask c has been nearly filled with kerosene, place the connection x 
in top of the burette d and seal with dry shellac dissolved in alcohol. 
Open the stop-cock j, the pinch cock g being kept closed, and allow the 
standard solution to pass into the burette d imtil it just enters the flask 
c; then close the stop-cock j, open the pinch cock g, and allow the standard 
solution to drain out completely; its action as a siphon will draw the 
kerosene over into the burette d. The standard solution is now drained 
off so as to eliminate any possibility of its being exposed to air and to give 
it a cover of kerosene in the burette d. Close the pinch cock g, open the 
stop-cock j, and allow the burette d to fill to the zero mark. The layer of 
kerosene prevents the admission of air during this procedure. Then the 
apparatus is ready for use. Fill the burette e with the indigo disul- 
fonate solution and place a test tube or glass cover over the top to 
prevent evaporation. 


Standabd Solutions 

A very convenient amount of standard sodium hydrosulfite solution 
is made up as follows. KH a Winchester acid bottle, 2)4 liters capacity, 
with distilled water. Preferably it should be freshly distilled so as to be 
u fr^ from oxygen as possible but this is not essential. Dissolve 5 gm. 
of sodium hydroxide in this bottle by gently revolving. When all the 
sodium hydroxide is dissolved, add 5 gm. of sodium hydrosulfite to the 
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solution and immediately place a layer of kerosene over the solution. 
When all the salts are dissolved, siphon into the bottle b for standard 
solution. The caustic soda preserves the hydrosulfite and enters into 
the reaction during titration. 

The indicator, indigotin disulfonate, is made up as follows: Place 
in a casserole 7 gm. of indigotin and add 30 c.c. of concentrated sulfuric 
acid. Place over water bath and heat to 90° C. for hr., or until all 
lumps disappear. Then dilute to 2 liters with distilled water. Neutral- 
ize the acidity by adding powdered limestone, small portions at a time, 
and allowing it to stand for a few minutes between additions, until all 
action has ceased. Filter without washing, place in a corked bottle, and 
use as necessary in the procedure. It is convenient to dilute this solution 
so that 1 c.c. of the indicator is equivalent to 0.25 mg. of oxygen per liter 
of solution. This will indicate 1 gm. per liter when a solution sample of 
250 c.c. is taken for titration. 

Chemistbt of the Process 

The process is based on the reducing action of sodium hydrosulfite 
on the indigo after all the oxygen in solution has been titrated and thereby 
changes the indigo blue to indigo white. As both the indigotin and 
hydrosulfite are impure products, as produced commercially, the exact 
chemical formula for them or the equation showing the above reaction 
cannot be given absolutely; however, the following shows the nature 
of the reactions. 

Indigo blue = CieHioNjOj, as disulfonate = Ci#HgN*02(SO»H)* 

Indigo white = Ci*HisNj02, as disulfonate = Ci6HioN202(SOgH)2 

Sodium hydrosulfite = Na2S20« (?) debatable. 

[Ci6H8N*02(S0,H)2 + H 2 O] - O = Ci,H,oN 202 (S 03 H )2 
NagSgOg O = Na2S02 -I- SO 2 
or NagSgOg -i- 2NaOII -I- O == 2Na2S02 H- H 2 O. 

The complete reaction is: 

2NaOH + CiJI»N 202(S0,H)2 + Na2S20« = CieHioN202(SO»H)2 + 

2Na2SO, 

Standardization op Solutions 

Into the clean, dry, graduated 400-c.c. beaker place one drop of phenol- 
phthalein indicator and cover with a ^-in. layer of kerosene. Care 
should be used to avoid entrapping air bubbles. The oxygen-saturated 
water is now siphoned into the beaker below the kerosene. The line of 
demarcation between the kerosene and the solution is very distinct by 
the red color produced with the indicator in the alkah'ne water; thereby a 
dose measurement of the water can be attained. When 250 c.c. of water 
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has been measured out beneath the kerosene, the alkalinity is neutral- 
ised with dilute sulfuric acid from a burette, the tip ci wUch extends 
bdow the surface of the solution; 1 c.c. of the indigotin disulfonate 
solution is then nm in beneath the kerosene. The solution is now titrated 
with the hydrosulfite solution. The tip of the burette must dip beneath 
the kerosene s6 that, by constant stirring with the special stirring rod 
(Fig. 3), any entry of air is avoided. The titration with hydrosulfite 
first reacts with the dissolved oxygen; as the end point is reached the 
hydrosulfite decolorizes the indigo disulfonate and the end point is yellow 
or yellowish white. When this point is reached, the burette is read and 
noted and 5 c.c. of indigo disulfonate solution is run in, all of the above 
precautions being taken; this is again followed by titration with the 



hydrosulfite. This operation gives the required relationships between 
the various solutions. 

Assume that the water showed a saturation of 8 mg. per liter for the 
particular temperature and pressiue, and that the titration gave 9 c.c. 
hydrosulfite standard followed by 5.5 c.c. more, after 5 c.c. of the indigotin 
disulfonate standard was added. Then 5 c.c. indigotin = 5.5 c.c. hydro- 
sulfite; and 1 c.c. indigotin = 1.1 c.c. hydrosulfite. Also, as 1 c.c. of the 
indigotin was used at the start, we must correct the first hydrosulfite 
titration for the 1 c.c. indigotin used, which is 1.1 c.c. 

The amoimt of hydrosulfite then consumed on the dissolved oxy- 
gen is, 9.0 c.c. — 1.1 c.c. = 7.9 c.c. Now, 7.9 c.c. hydrosulfite = 8 mg. 
oxygen per^liter, or 1 c.c. hydrosulfite = 8.0 4- 7.9 = 1.01 mg. oxygen 
per liter, when 250 c.c. of the saturated water is titrated. Also, 1 c.c. 


indigotin disulfonate standard is equivalent to 


1.1 X 1.01 
4 


1.11 

4 


0.28 mg. oxygmi. 

The indigo disulfonate does not deteriorate and may be kept in a well- 
stoppered bottle. When once standardized, it may be used to check the 
standard hydrosulfite solution instead of making up aerated water. In 
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this case, sufficient water should be added to the indigo-disulfonate 
solution until 1 c.c. exactly equals 0.25 mg. oxygen. 

Titbation of Mill Solutions 

When once the hydrosulfite and indigotin-disulfonate solutions are 
standardized, the procedure with routine solution titrations is simple. 
The solution is siphoned over beneath the kerosene into the 400-c.c. 
beaker until 250 c.c. is obtained, the alkalinity is then neutralized with 
dilute sulfuric acid, 1 c.c. or less of indigotin disulfonate is added as an 
indicator, and titration is completed with the hydrosulfite. Following 
this, the necessary correction is made for the indicator and the result is 
converted to milligrams of oxygen per liter of solution, or per cent, 
saturation as may be desired. The kerosene may be used several times 
by pouring the contents of the beaker into a large bottle, after titration, 
then siphoning off the kerosene for reuse after sufficient accumulation. 

Pbbcautions 

After the aeration of the solution in the standardization process, suffi- 
cient time must be allowed for all entrapped air bubbles to escape before 
titration or the end point will “go back” rapidly and erroneous results 
are obtained. 

When stirring the solution during titration, care must be taken not to 
introduce air into the solution. This stirring is done by revolving the 
special stirring rod between the thumb and fingers, holding it vertically. 

A cover of kerosene should always be kept over the solution. 

When mill solutions are used to standardize the hydrosulfite solution, 
care must be taken that they are thoroughly satvurated as they saturate 
much more slowly than tap or distilled water. It sometimes requires 
more than an hour to saturate them completely. 

The end point in clear solutions is a slight yellow; but if solutions 
contain certain salts, or are cloudy, the end-point color may be white 
or milky, or sometimes gray. 

All connections through which the standard solution pass must be 
sealed air-tight. This is best done with shellac. 

When neutralizing the alkalinity of the solution for titration, care 
must be taken that it is just neutral to phenolphthalein. If it is too acid, 
the titration will be low; if it is too alkaline, the titration will be too high. 

Manipulation in the procedure must be as rapid as possible without 
sacrificing accuracy, for notwithstanding the cover of kerosene, there will 
be a slow absorption of oxygen through the kerosene. 

If the end point is over run, back titration can be made with the 
standard indigo disulfonate; or, if more desirable, an excess of Kydro- 
sulfite solution may be run in and the excess titrated with indigo- 
disulfonate standard. 

VOL. uoa.— «5 
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Sanpung or Mill Solutions 

Reasonably clear mill solutions are best sampled by using a bottle, 
as shown in Mg. 4. This bottle forms part of a siphon, into which a 
sample may be safely transported to the laboratory. When sampling, 
the end of the tube that reaches to the bottom of the flask is connected 
through a pinch cock and tubing to the tank, laimder, or other source of 
solutions to be tested. The tube that just reaches through the cork is 
also connected to rubber tubing and has a pinch cock. The connections 
are made as shown and the siphon started by suction. After the bottle is 
filled with solution, the apparatus is allowed to run for a while to replace 
any contaminated solutions. The pinch cocks are then closed and the 
bottle may be transported to the place for titration. 

Pulps require settlement before the solutions can be removed for 
titrations. In this case, it is best to fill a Winchester bottle completely 
with pulp, close the bottle with its cork, and allow the whole to stand until 
the solution can be siphoned off. 

Examinations made of many operating plant solutions allow the follow- 
ing generalities: 

P*H Cent, of Maximuii 
O xTQBN Saturation 

General circulating plant solutions 7 to 76 

Agitator solutions 0to50 

Leaching-plant effluent 0 to 60 

Crowe vaccuum operation removes as a rule, one-half of the 
oxygen contained in its feed. 

Precipitation plant barrens 0 

Concentrate treatment agitator solutions 0 

We desire to express our appreciation to the Golden Cycle Mining & 
Reduction Co., Colorado Springs, Colo.; The Homestake Mining Co., 
Lead, S. Dak.; The United Comstock Mines Co., Comstock, Nev.; and 
the Empire Mines at Grass Valley, Calif., for special interest and help in 
this work and to numerous other mills that have assisted in many ways 
in this undertaking. 

DISCUSSION 

A. L. Blomfield* and M. F. Dycus, Colorado Springs, Colo, 
(written discussion ). — We have found the Weinig-Bowen method, for 
the determination of oxygen in solution, of great value in the calculation 
of oxygen in mill solutions at the Golden Cycle mill. The apparatus, 
while simple in design, is both rapid and accurate. After becoming 
accustomed to the operations to be made, a determination may easily 
be made in two minutes, not including the sampling and measuring of 
the sdution. To date, the oxygen determinations have been made by 
but two or three men; however, the manipulation is so simple that any 


* General Manager, Golden pyde Mining & Reduetion Co. 
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millman can leam how in a very short time and therefore be able to get 
a check on any or all solutions at any time. 

We had some difficulty with the apparatus, as first made, which calls 
for a shellac-sealed bottle, for after being used for a time (in some cases 
several weeks) the shellac softened and allowed the joint to leak. This 
was probably due to the kerosene contained in the upper portion of the 
bottle. We have remedied this by making groimd-glass connections 
throughout and mounting the whole apparatus in a stationary cabinet. 

The manipulation is the governing factor as to accuracy. After 
taking a sample into the beaker for titration, all haste should be made, 
without sacrificing accuracy, to complete the operation. If the solution 
is allowed to stand, even under a cover of kerosene, it will take up oxygen 
quite rapidly and give fictitious results. The beaker must be thoroughly 
dry before using; also, we experienced some difficulty if kerosene was 
poured violently into beaker; this should be done very gently in order 
that there may be no possible chance to imprison tiny air bubbles under 
its layer. 

In calculating the percentage of maximum oxygen saturation, after 
making all titrations, we have found it of some advantage to use a table, 
which covers our local requirements only. The solution temperature 
varies but a few degrees in the whole plant so that the table does not need 
to cover a very wide range. It is fastened to the cabinet door and pro- 
motes speed as well as eliminating almost all chance of a misreading. 

The ore our solutions work on comes direct from the roasters. 
The solutions, therefore, take up a great many substances, some one or 
more of which have made all previously tried methods unreliable and 
inconsistent. Below is an average week^s run of some of the various 
solutions in the plant. While these vary a great deal, it is probably an 
actual change in the amount of oxygen in a particular solution rather 
than any deficiency in the apparatus, as two or more samples taken from 
the same place at the same time check very closely. 

Per Cent, op Maximum Oxygen Saturation 


Gold storage. High-grade solution 
before entering Crowe vacuum 


system 

Zinc-box feed. High-grade solution 
after passing Crowe vacuum sya- 

49,6 

49.5 

54.1 

62.0 

53.7 

47.0 

63.1 

tern 

10.5 

30.0 

7.8 

15.0 

16.7 

6.9 

12.3 

Zinc-box tails 

Stock tank. Low-grade solution be- 
fore entering Crowe vacuum sys- 

7.0 

10.0 

3.2 

3.3 

5.1 

8.4 

3.1 

tem 

Zinc-dust press feed. Low-grade 
solution after passing Crowe 

44.0 

44.0 

71.6 

73.6 

60.9 

55.6 

41.8 

vacuum system 

3.5 

6.7 

3.2 

4.9 

3.4 

1.7 

6.1 

Zino-dust press tails 

2.9 

1.6 

2.8 

4.1 

‘3.2 

3.3 

4.5 
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A. W. Bull, New York, N. Y. — There are two points that might be 
touched on in the discussion: First, in regard to the oxygen solubility 
curves, it should be noted that, if a very high d^;ree of accuracy 
is wanted, the actual atnjospheric pressure should be taken. The authors 
use the average pressure for any given altitude. If there was consider- 
able variation in barometric pressure, it would make a difference in the 
saturation value of the standards. A difference of 1 in. in the barometer, 
not unusual at sea-level altitude, corresponds to 800 ft. altitude. 

The second point is in regmd to the testing of pulps. The authors 
state that pulps require settiement before testing. There is one case 
in which this might give misleading results. The pulp in an agitator 
mi^t contain oxygen that, during settlement, would be consumed by 
further dissolution of the gold and silver values. The result after settle- 
ment would mislead you into thinking there was less oxygen in the agi- 
tator than was present under operating conditions. 



MILUNQ PaA.C!TICB OF AMBBICAN ZINC CO. OF TBNNB86EB AT ICASCOT 1029 


Milling Practice of American Zinc Co. of Tennessee at 

Mascot 


Bt Robert Ammon,* Mascot, Tbnn. 

(Birmini^m Meeting, Oetober, 1024) 

The milling practice at Mascot, at present, consists of dry crushing to 
^ in., jigging, fine grinding, and dotation. The ore arrives at the mill 
from two mines, No. 1 mine shaft being located in the mill proper, and 
No. 2 mine shaft being situated about 2000 ft. east of the mill. No. 2 
mine is served by a coarse-crushing plant and aerial tramway to the mill 
bins. In jigging the No. 2 mine ore, 50 per cent, of the mill feed is 
rejected by the jigs as a jig tailing ranging from ^ in. to 10 mesh; the 
balance of this ore, after removing a jig concentrate, is ground to flotation 
feed. In jigging No. 1 mine ore, approximately 80 per cent, of the mill 
feed is rejected as a coarse jig tailing, and the balance is ground to 
flotation feed without the removal of a jig concentrate. The difference 
in the treatment is due to the fact that No. 2 mine ore carries a higher 
content of zinc than that from No. 1 mine. Of the total concentrates 
produced, 30 per cent, is made on jigs and 70 per cent, by flotation. 
At present, 1350 tons of No. 2 ore and 800 tons of No. 1 ore are treated 
each 24 hours. The recoveries for a typical week are as follows : 


Heads 3.55 

Jig tails 0.80 

Flotation tails 0.09 


Jig concentrates 61.30 

Flotation concentrates 60.60 

Extraction 86.50 


The associated minerals are a straw-colored sphalerite, dolomite, 
calcite, pyrite, quartz, and a small amoirnt of greenockite, which occurs as 
a stain and sometimes small crystals along with sphalerite^ but is com- 
paratively rare. Pyrite is present in small quantities, usually less than 
0.5 per cent.; quartz occurs in bands a few inches thick. A complete 


analysis of the ore is as follows: 

Pbb Cbnt. Pn CmxT, 


Calcium carbonate 48.11 

Magnesium carbonate 35.36 

Silica 8.73 

Alumina 1.04 

Iron oxide 1.33 


Zinc sulfide 5.43 

Cadmium sulfide Nil 

Lead sulfide Nil 


Total 100.00 


* Superintendent of Mills, American Zino Co. of Tennessee. 
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Location of Mill 

The main concentrator is located at the shaft of No. 1 mine, which 
at present is producing low-grade ore. The flotation plant and concen- 
trate-drying plant are located in separate buildings approximately 100 
yd. from the main mill. 

Coarse-crushing Plants 

Each of the two shafts is served by a crushing plant consisting of 
No. 8 bronze gyratory crusher and a 48-in. horizontal Symons disk crusher 
reducing the ore to l^e mine-run ore is hoisted in 5-ton bal- 

anced skips to a 20-ton hopper, from which a 42-in. Stephens & Adamson 
pan feeder, on 10-ft. centers, feeds the ore into a No. 8 gyratory crusher; 
the discharge of this is fed by a conveyor to a S 3 mions crusher and then 
conveyed to the storage bin. As the capacity of the gyratory primary 
breaker in reducing to 4 in. exceeds that of the S 3 nnon 8 , which reduces 
to l^e l°-> the operation of the feeder to the gyratory is intermittent. 
This is controlled by a pawl and ratchet gear which is regulated by 
the operator. 

The size of the ore fed to the g 3 rratory crusher is often greater than the 
crusher will receive, which necessitates breaking by sledging or drilling 
and popping on top of the crusher. A Jackhamer is always available for 
these large boulders. 

The gyratory crushers are equipped with manganese concaves 
and smooth manganese mantles. The record of mantles and con- 
caves follows: 


Avbbaob 

Numbbb Avbbaob Tons Cost pbb 100 
WoBN Out Cost Cbubbed Tons, Cbntb 


Lower concaves H 1211.39 417,225 5.667 

Mantles 4 S340.00 570.658 5.958 


This cost is for corrugated mantles. Since the adoption of smooth 
mantles none have been worn out, but the steel cost per ton crushed 
should be less than that shown for corrugated mantles. The gyratory 
makes 150 strokes per minute. 

Only the lower concaves are replaced; in 10 years of operation, no 
upper concaves have worn out. A 16 T Yale & Towne triplex chain block 
suspended on a steel craneway from a traveling carriage serves the gyra- 
tories for repairs. 

The discharge of the primary breakers is conveyed to a 48-in. horizon- 
tal Symons crusher equipped with manganese disks. At No. 1 shaft, 
the Symons discharge is conveyed directly to the mill; and at No. 2 
shaft, to the tramway loading bin. 
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Avbraqe Ck>8T OF Belting fob Elevating Stmons Cbusher Discharge 

110-FT. Belt 



Number or 
Belts 

Cost 

Tonnage 

Days 

Service 

Cost per 
100 Toms 
Elevated, 
Cents 

Diamond Rubber 

Co. Portage belt. . . 

6 

$279.58 

280,809 

309 

9.96 

Goodyear Rubber 

Co. Compass belt. 

2 

$431.18 

436,784 

420 

9.65 


Average Cost of Belting for Conveying Gyratory Crusher Discharge 

Cost pbb 

Nuicbbs or 100 Toma 

Belts Tons Days Conveyed, 

Average Cost Conveyed Service Cents 


Diamond Rubber 

Co. Diamond brand 28 $118.43 89,623 88 13.92 

Goodyear Co. Blue- 

streak 3 $231.49 229,842 257 10.93 

The product of each of the crushers is as follows: 

SxEE, Dxam. or Gyratory Symons Size, Diam. or Gyratory Symons 

Round Hole, Discharge, Discharge, Round Hole, Discharge, Discharge, 

Inches Per Cent. Per Cent. Inches Per Cent. Per Cent. 

On 5 7.9 On IJ^ 3.5 10.9 

On4K 6.1 OnlH 3.9 16.4 

On 4 9.4 Onl 4.6 12.7 

On3M 12.7 On H 7.4 19.8 

On 3 9.0 Through K 10.6 22.3 

On2M 10.4 

On 2 10.0 Total 100.0 100.0 

On IH 4.5 17.9 


When doing this work, each crushing plant has a capacity of 110 
tons per hour, the capacity being limited by the Symons crusher. The 
average tonnage crushed by a set of disks is 450,000 tons. While the 



PiQ, X. — Grizzly screen feeding Fig. 2. — ^Manganese-steel pro- 

Stmons disk. tecting plates and shields fob 

Symons disk crusher. 


Symons crushers, as operated today, give excellent service, four changes, 
as follows, were required in the machine as furnished before satisfactory 
operating was obtained: 





Replacing cast-iron ball of inner shaft with steel ball. All of the 
shafts famished with cast-iron balls failed by the shaft pulling out of the 
ball; no trouble has been experienced since using a steel ball. 

In sta l li n g a dust ring on the outer shaft just clearing the main base, 
which i»events particles of ore getting into the base of the machine and 
contaminating the circulating oil 
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The chute feeding the Symons crusher has for its bottom (see Fig. 1) 
a manganese-steel plate with 24n. roimd holes. This serves as a grizzly 
to remove fine ore and is especially useful when very wet ore is hoisted. 
Ordinarily, the moisture content of the mine-run' ore is under 2 per 
cent, but when very wet ore is hoisted, because of water trouble in the 
skip pockets, the grizzly screen removes enough of the sticky fines to 
prevent choking the disk crusher. 

Suspended about 8 in. above the conveyor belt feeding each- S 3 rmons 
crusher is a 54-in. diameter Type SA No. 4 lifting magnet, to catch tramp 
steel. These magnets are the only protection these crushers have against 
iron and catch many steel drill bits, hammer heads, etc. Both outer and 



Fig. 4. — Elevation of No. 1 crushing plant, as installed. 


inner shafts have been broken at different times by a bit or hammer head 
passing the magnet because it was covered too deeply Mrith ore. To 
reduce this liability, the eccentric flywheel is driven with an 8-in. belt 
instead of a 12-in., as originally installed; this allows the belt to slip on the 
pulley should a piece of steel get between the disks. The manganese- 
steel plates and spools used for protecting the bolts and heads of the 
Symons crusher are shown in Fig. 2. 

Manganese-steel feed spouts are also used and last about 8 months. 

Each Symons crusher is served by a set of 4- and 5-ton Yale & Towne 
triplex chain blocks, each suspended on an I-beam crawl. 

The cost of steel for the disks is approximately 80.034 per 100 tons 
crushed. Figs. 3 and 4 show plan of No. 2 crushing plant and an elevation 
of No. 1 crushing plant as originally installed. 
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Cbubhinq AMO Tbammino Costs, in Gxnts, fbb Ton Handuid 

Labob Supplibs Bbpaibb Powbb Total 


Coarse crushing 0.92 0.29 2.59 0.75 4.55 

Aine crushing 1.02 0.15 1.17 1.47 3.81 

Ferial tramming 3.07 0.17 0.39 0.10 3.73 


Aerial Tramway 

The product of the crushing plant at No. 2 shaft is transported to the 
mill bin by a Bleickert aerial tramway, over a distance of 2000 ft. This 
tramway was constructed, in 1914, by the American Steel & Wire Co. 
The operation requires two men at each terminal to attach the loaded and 
empty buckets. The line carries 18 buckets, each holding 1600 lb. of ore. 


Tramway Cable Data 


haulage 6X7 strand hemp core 

Numbbb 
or Cablbs 

Avbbagb 

Cost 

Avbbaob 

Days 

Avbbaob 

Tonb 

Trammbo 

Avbbaob 
Cost pbb 
100 Tons 

Lang lay crucible steel 

track cable locked-coil 7 X 12 X 

5 

S 383.36 

564 

519.885 

$0.07374 

21 X 25 strand 

1-in. track cable locked-coil 7 X 16 

3 

1611.99 

956 

924.159 

0.17433 

strand 

1 

734.27 

1308 

1.156.543 

0.06350 


Fine-crushing Department 

This consists of two sets of 54 by 20 in. Garfield rolls, operating in 
closed circuit with %-in. screens; each set as a unit. Formerly the screens 
used were four 4 by 8 ft. trommels to each unit but at present a No. 2 
Mitchell vibrating screen replaces the four trommels on the low^rade 
unit. The undersize from this screen goes directly to jigs, whereas the 
undersize of the trommels (^-in. round holes) treating the higher grade 
ore is conveyed to a 2500-ton storage bin, from which it is drawn as 
regular mill feed. 

The operating of the Mitchell screen has been highly satisfactory; 
it has averaged 55 tons undersize per hour with few repairs outside of 
screen cloth. 

Until the last few years tire-steel shells were used for this crushing, 
being shrunk on to the cores. This was done by mounting the shell on 
the cores, pulling up the loose core as much as possible, when cold, and then 
heating the shell with a circular oil burner until the cores could be pulled 
an additional in. on either side. No difficulty was had from the steel 
cracking or stretching enough to loosen when in* operation. After testing 
out the manganese steel made by Taylor-Wharton Iron & Steel Co., it 
was decided to adopt manganese steel for this work entirely. These 
shells are not shrunk on when new but are pulled as tight as possible and 
the core bolts tightened each week when the shells are warm from grinding. 
After these shells become half worn, they are shrunk upon the cores and 
worn out. New shells are 5 in. thick and last from 1 to years. 
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COMPABATIVl! AvKBAOZ CoSTS OF ROLL ShBLLS 


Manganete steel, Taylor-Wharton 

Nvmbkb 
OF SSTS 
Avsbaoxd 
3 

Cost 

$1255.18 

Tonnaob 

316,712 

Days 

Sbbvicb 

874 

Cost fbb 
100 Tons 
Cbitsbbd 
$0.3968 

Latrobe steel, Railway Spring Steel Co. . 

16 

1103.59 

89,800 

94 

1.3535 

Tire steel. Midvale Steel Co 

13 

738.50 

103.430 

106 

0.7927 


The roUs are operated without shims between the sliding bearing and 
the fixed bearing, the wear on the shells being taken up by the tension-rod 
nut. Frequently when the roll feed becomes coarser than 1%-in. 
because of the wearing of the Symons disks, the rolls refuse to nip the 
coarse dolomite. This is overcome by burning four ridges about ^ in. 
wide and in. deep across the face of each shell with an acetylene torch. 
This burning is required about once in 8 weeks and only when the feed 
becomes coarse. 

Each roll-feed conveyor is equipped with an Electric Controller & 
Mfg. Co’s, lifting magnet for the removal of tramp iron and steel. These 
magnets often pick up shims and hexagonal nuts that come 

from the Symons crushers. 

For changing shells, a 10-ton hand-power traveling Whiting Foundry 
crane serves both sets of rolls. 


Average Cost op Belting for Conveying Minus ^-in. Material 



Nvicbbr 




Cost pbb 


OF Bklts 


Tons 

Days 

100 Tons 


Avbbaosd 

Cost 

CoimcYBD 

Sbbvicb 

CONVBYBD 

Diamond 

Rubber Co. Diamond 





Brand . . . 

9 

$271.76 

1,038,809 

568 

$0.0261 


Average Cost of Elevating Roll Discharge 



Numbbb 




Cost pbb 


OF Belts 


Tons 

Days 

100 Tons 


Aybbaoed 

Cost 

CONYBTBD 

Service 

CONVBYBD 

Diamond 

Rubber Co. Portage 





Brand . . . 

11 

$293.15 

278,396 

289 

$0.1053 

Goodyear Rubber Co. Compass Brand 3 

434.29 

363,535 

378 

0.1194 

Manhattan 

Co. Endurance Brand.. 1 

404.42 

339,637 

389 

0.1191 


Crusher Bearings 

So-called XXXX nickel babbitt is used in all heavy-duty bearings. 
The shaft bearings of the rolls have been rebabbitted once in 9 years. 

The eccentric of the gyratories lasts from 3 to 5 months, while main-shaft 
bearings and the inner ball of the Symons average about 2 years’ service. 

The use of Promet metal, manufactured by American Crucible Pro- 
ducts Co., was not successful in the gyratory and the Symons crushers. 


Jigging Department 

From the storage bin No. 2 mine ore is drawn on a 24-in. belt conveyor 
served by a Merrick weightometer. The ore is conveyed to an elevator 
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through a sampler and, after fresh water is added to the boot, is elevated 
on to the rougher jigs. Fig. 5 shows cross-section of feeder and belt 
under the storage bin. 



SCBEEN Aj^ALTSIS OF No. 2 ObE 


Screen Sise 

Opening, 

Milli- 

meters 

Solids 

Zinc 

Per 

Cent. 

Cumu- 

lative 

Per 

Cent. 

Assay 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay 

Per 

Cent. 

Zino 

Per 

Cent. 

ToUl 

Zino 

Cumu- 

lative 

Per 

Cent. 

Zine 

On 8 mesh 

6.656 

23.1 

28.1 

8.62 

8.62 



On 6 mesh 

8.828 

26.0 

49.1 

2.63 

2.36 

18.9 

32.1 

On 10 mesh 

1.664 

15.9 

65.0 

8.71 

2.69 

16.3 

48.4 

On 20 mesh 

0.832 

10.6 

75.6 

4.79 

2.98 

14.0 

62.4 

On 85 mesh 

0.416 

7.1 

82.7 

5.74 

8.22 

11.8 

73.7 

Throoi^ 85 mesh 


17.8 

100.0 

5.54 

8.62 

26.8 

100.0 

Total 


100.0 

100.0 

3.62 

8.62 

100.0 

100.0 


The ore, without any preliminary treatment, is jigged on a six-cell 
Codey type Harz jig, making hutch, middling, and tails. The tails are 
dewatered on stationary screens using 1 by ^ in. slotted punched plates 
(see Fig. 6) ; the oversize, practically free from slime, is rejigged on three- 
cell jigs d the same type making t^s and hutch middling. 

i^e jigs originally were built of pine and last from 7 to 12 years. 
As these are replaced, cypress is used instead of pine. Fig. 7 shows detail 
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construction of the six-cell rougher jigs. Solid non-ad justable eccentrics 
of local design; made by Power & Mining Machinery Co., are used on these 
jigs with plungers so placed that top of plunger is 1 in. above the top of 
the sieve at the highest point of movement of the eccentric. 



Rouohbr Jigs 

Bull Jigs 

R. P. M 

110 

82 

Stroke, first cell, inches 

IH 

2 

Stroke, second cell, inches 

m 

IK 

Stroke, third cell, inches 

IK 

IK 

Stroke, fourth cell, inches 

IK 


Stroke, fifth cell, inches 

Stroke, sixth cell, inches 

IK 


IK 



The Joplin cast-iron grates formerly used on these jigs have been 
replaced by punched-steel plates. The roughers are equipped with No. 
14 steel slotted plates with slots 1 in. long and in. wide (see Fig. 8). 
On the bull jigs, which make all their middling through the hutch, No. 10 
steel plates are used having 3^-in. round holes. Punched slotted plates 
average 3 to 4 months service and the 3^-in. round-hole bull jig screens 
last a year. 



STEEL LIP FOR JIG HUTCH 
DISCHARGE GATE. 


The sieves are held in place by frames made of 1 3^ by 33^ in. pine with 
crossbars 1 in. wide, spaced 4 in. on centers. The crossbars are dove- 
tailed with the main frame to prevent twisting. The screens are fastened 
to the frames with sixpenny nails. 

The roughers make their own bedding of sphalerite, the excess being 
drawn off, on the first two cells, by side cup draws and, on the last four 
cells, through the regular middling discharge, or ^'chatters,” which are 
continuous in operation. As no coarse free mineral is in the feed to the 



BOBEBT AMUON 


1039 


bull jigs, bedding is added to them in the form of round-plate pimchings 
^ to in. thick and to in. in diameter. A bed of about 1 in. in 
depth is kept on the bull-jig cells. The sieve screen on all jigs is elevated 
1 in. at the tail-board end of the cells. 

The middling draw, or "chatter,” on the last four cells of the rougher 
jigs consists of a steel plate across the tail board of each cell with 1-in. round 
holes, usually four, placed in. above the screen and equally spaced 
across the length of the plate. One or more of these openings may be 
closed off temporarily in case of low-grade ore, in order to allow bedding 
to build up. In case too much bedding is accumulated on the last four 
cells, it is removed with a shovel. This is the exception, however, as the 
first two cells, if properly operated, will regulate the bedding to the balance 
of the jig. Excess bedding (sphalerite) removed from the cells joins the 
continuous middling discharge of the jigs, no attempt being made to 
segregate a coarse concentrate, although bedding so removed assays 
better than 50 per cent. zinc. 

The hutch discharge on the jigs is continuous through 2-in. molasses 
gates equipped with manganese-steel lips. On sand, these gates allow 
close regulation of the water producing a dense discharge. Fig. 9 shows 
manganese lip. 

With a feed of 28 tons per hour per jig, the average depth of bed on 
the cells of the jigs is as follows: 


Cell 1 

Roughbb Jio, 
Inches 

... 12 

Bull Jig, 
Inches 

10 

Cell 4 

Roughbb Jig, 
Inches 

11 

Bull Jig, 
Inches 

2... 

12 


5... . 

10 


3... . 

. .. 11 

Wi 

6. .. 

9 



The material required to build one six-cell rougher jig is 880 pieces 2 in. 
by 6 in. by 16 ft. cypress, 6 pieces 8 in. by 8 in. by 16 ft. pine, 6 pieces 
6 in. by 6 in. by 12 ft. pine, 100 pieces 1 in. by 12 in. by 16 ft. pine, 12 
pieces 2 in. by 12 in. by 16 ft. pine, 14 kegs 20 penny nails, 3 kegs 30 
penny nails, 2 kegs 8 penny nails. 

Average Jigging Department Costs, in Cents per Ton Mili.ed 


Labor 2.79 

Supplies 0.36 

Repairs 1.63 

Power 1.01 


Total 


6.78 
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RonaBzWiG Htttch 




Solids 


Zine 


Screen Sse 

Bias, in 
Milli- 
meters 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay 

Per 

Cent. 

Zine 

Cumu- 

lative 

Assay* 

Per 

C^nt. 

Per 

Cent. 

Total 

Zine 

Cumu- 

lative 

Per 

Cent. 

Total 

Zine 

On 3 mesh 

On 0 mesh 

6.056 

3.328 

1.0 

1.0 

28.20 

28.20 

4.4 

4.4 

On 10 mesh 

1.004 

5.8 

0.9 

24.10 

25.00 

12.3 

10.7 

On 20 me^ 

0.832 

14.1 

21.0 

12.90 

10.85 

17.0 

84.3 

On 35 mesh 

0.416 

20.3 

41.8 

9.10 

13.05 

17.8 

52.1 

On 05 mesh 

0.208 

19.7 

01.0 

8.10 

11.42 

15.4 

67.5 

On 100 mesh 

0.147 

13.1 

74.1 

8.00 

10.80 

10.2 

77.7 

On 150 mesh 

0.104 

9.2 

83.8 

8.20 

10.55 

7.8 

85.0 

On 200 mesh 

0.070 

7.8 

91.1 

9.20 

10.40 

0.9 

91.9 

Through 200 mesh 

0.070 

8.9 

100.0 I 

1 9.50 

10.35 

8.1 

100.0 

Total 

1 

I 

100.0 

100.0 

10.35 

10.35 

100.0 

100.0 


Original sample. 


10.75 


Total Middling from Rougher and Bull Jigs 


Screen Sise 

Sise* 

Milli- 

meters 

Sol 

Per 

Cent. 

Weight 

Ids 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay 

Per 

Cent. 

Zine 

Zi 

i 

Cumu- 

lative 

Assay* 

Per 

Cent. 

no 

Per 

Cent. 

Total 

Zine 

Cumu- 

lative 

Per 

Cent.* 

Total 

Zino 

On 

3 mesh 

0.060 

88.1 

88.1 

6.90 

6.90 

44.0 

44.0 

On 

0 mesh 

8.328 

89.4 

77.5 

6.25 

6.60 

41.8 

85.8 

On 

10 mesh 

1.004 

14.4 

91.9 

4.32 

0.22 

10.4 

95.7 

On 

20 mesh 

0.832 

4.7 

90.6 

2.92 

6.05 

2.2 

97.9 

On 

35 mesh 

0.410 

1.8 

98.4 

2.80 

0.01 

0.8 

98.7 

On 

05 mesh 

0.208 

0.8 

99.2 

8.12 

5.98 

0.4 

99.1 

On 100 mesh 

0.147 

0.3 

99.5 

8.40 

5.97 

0.2 

99.8 

On 150 mesh 

0.104 

0.2 

99.7 

4.40 

5.97 

0.2 

99.5 

On 200 mesh 

0.070 

0.1 

1 99.8 

5.95 

5.97 

0.2 

09.7 

Through 200 mesh 

0.070 

0.2 

100.0 

8.20 

5.97 

0.3 

100.0 

Total 


100.0 

100.0 

5.97 

5.97 

100.0 

100.0 


Original sample, 


5.75 
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Stationabt Dxwatbbzng'"Scbbbn Unbbbsub 


Screen Sise 

Sise. 

MUIi- 

meters 

SoUds 

Zino 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay 

Per 

Cent. 

Zino 

Cumu- 

lative 

Amy, 

Per 

Gmt. 

Per 

Cent. 

Total 

Zino 

Cumu- 

lative 

Per 

Cent. 

Total 

Zine 

On 8 mesh 

6.656 

2.1 

2.1 

0.70 

0.70 

1.0 

1.0 

On 6 mesh 

8.828 

11.0 

13.1 

0.77 

0.76 

5.8 

6.8 

On 10 mesh 

1.664 

87.9 

51.0 

0.90 

0.87 

23.3 

80.1 

On 20 mesh 

0.832 

19.3 

70.8 

0.55 

0.78 

7.9 

88.0 

On 85 mesh i 

0.416 

5.9 

76.2 

0.55 

0.77 

2.2 

40.2 

On 65 mesh 1 

0.208 

2.2 

78.4 

0.90 

0.78 

1.4 

41.6 

On 100 mesh 1 

0.147 

1.8 

79.7 

0.82 

0.78 

0.8 

42.4 

On 150 mesh 

0.104 

1.7 

81.4 

1.20 

0.79 

1.4 

43.8 

On 200 mesh 

0.076 

2.0 

83.4 

2.30 

0.83 

8.1 

46.9 

Through 200 mesh 

0.076 

16.6 

100.0 

4.62 

1.47 

53.1 

100.0 

Total 


100.0 

100.0 

1.47 1 

1.47 

100.0 

100.0 


Original sample 1.57 


Bull Jig Tails 


SoUda 


Screen Sise 

Sise, 

MilU- 

meters 

i 

1 

i Per^ 

Cent. 

I Weight 

1 

i 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay 

Per 

Cent. 

Zino 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zino 

Cumu- 

lative 

Per 

Cent., 

TotsI 

2Sne 

On 8 mesh 

6.656 

60.1 

60.1 

0.75 

0.75 

61.5 

61.5 

94.7 

On 6 

3.328 

35.0 

95.1 

0.70 

0.73 

83.2 

On 10 ”*esh 

1.664 

4.3 

99.4 

0.57 

0.78 

8.8 

98.0 

On 20 mesh 

0.832 

0.8 

99.7 

0.85 

0.73 

0.4 

98.4 

On 85 TwgyiVi 

0.416 

0.1 

99.8 

8.52 

0.78 

0.5 

98.9 

Through 85 mesh 

0.208 

0.2 

100.0 

4.10 

0.74 

1.1 

100.0 


Total j 

0.104 

100.0 

100.0 

0.74 

0.74 

100.0 

100.0 


Original aaaay 0.77 


The bull jigs are practically scavengers on the dedimed rougher 
jig tails and reduce their feed 0.3 per cent. zinc. 

The lower grade ore is jigged on five-cell rougher jigs, making a hutch 
product and tail. The tails are deslimed over the same type of screen as 
used on the higher grade ore and, after desliming, join the bull-jig tails at 
the tailing elevs,tor. The hutch and dewatering screen imdersize from the 
low-grade ore join the same products from the higher grade ore for 
further treatment. 

The coarse tails are elevated by a tandem belt elevator and flumed 
to the loading station at the raiboad, where they are loaded, as made, 
into 50-ton railroad cars. The straight mill tail is sold as railroad ballast, 

TOL. vaa . — 66 
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and several other rock products, such as roofing gravel and concrete stone, 
are produced by screening out various sizes at the loading station while 
loading the cars. The faces of the pulley are lagged with conveyor 
belting with a rubber cover to decrease the slippage of the 

elevator belt. 


Middling Circuit 

The middlings from the rougher and bull jigs are dewatered in a 6-ft. 
Allen cone and elevated to a No. 1 type Mitchell vibrating screen using 3- 
mesh No. 9 wire cloth, the oversize going to a set of 433^ by 16 in. Gar- 
field rolls in closed circuit with the screen. Manganese-steel shells have 
not been as successful in these wet rolls as the tire steel, because of the cross 
corrugating and cupping of the shells. Tire steel wears evenly in this 
work and makes cheaper operating. 

Average Cost op Wet Crushing Shells 



Numbbb 
or Sbt8 
Avbbaob 

Cost 

Tons 

Days 

Cost pbb 
100 Tons 
Mzllbd 

Midvale tire steel 

7 

$456.37 

400.945 

236 

$0.1138 

Latrobe steel 

2 

467.28 

267.106 

149 

0.1749 

Taylor- Wharton manganese steel 

1 

952.29 

584,846 

369 

0.1630 


The average cost of elevator belting for wet elevators is approximately 
0.12 cents per ton milled, all costs being calculated to tons mill feed. All 
elevators are 22 in. wide seven-ply equipped with No. 10 steel cups 
spaced 16 in. on centers made in the local shops. For scabs, old belting 
is cut into pieces about IJ^ by 6 in. and placed between cups and belts. 

Fine-jigging Section 

The undersize of the Mitchell screen is sent directly to a four-cell 
'^chat'^ jig without dewatering. This jig produces a tailing for flotation 
grinding and a rich hutch product to be further cleaned. The smittem, 
or hutch, from all rougher jigs, to which has been added the hutch from 
the chat jig, is dewatered and treated on a four-cell cleaner jig, producing 
a clean jig concentrate and a tailing for flotation grinding. The jig con- 
centrates are held in the hutch and drawn off every 2 hours and trammed 
to the storage bin. Both jigs operate at 200 r.p.m. with a ^-in. stroke 
on the first two cells, 3^-in. stroke on the third cell, and %-in. stroke on 
the last cell. Sieves are the same as are used on the rougher jigs and 
cup draws are used for regulating the bedding, which is built up from the 
mineral in the feed to each jig. 

Depth of Sand Beds on Fine Jigs 


Cbll Cleanbb JiOp Chat Jig, 

Numbbb Inchbs Inohm 

1 lOH 9H 

2 9H SH 

3 8H 8H 

4 7H 7H 
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CuiAma-na FmiD 


Screen Sise 

Sise. 

Milli- 

meters 

Solids 

Zinc 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 3 mesh 

6.656 

1.0 

1.0 

5.10 

5.10 

0.4 

0.4 

On 6 mesh 

3.328 

2.5 

3.5 

24.00 

18.50 

4.6 

5.0 

On 10 mesh 

1.664 

15.8 

10.3 

19.90 

19.60 

23.9 

28.9 

On 20 mesh 

0.832 

26.1 

45.4 

14.00 

16.40 

27.7 

56.6 

On 35 mesh 

0.416 

26.5 

71.9 

11.10 

14.50 

22.4 

79.0 

On 65 mesh 

0.208 

17.0 

88.0 

9.60 

13.50 

12.4 

91.4 

On 100 mesh 

0.147 

6.2 

95.1 

9.70 

13.25 

4.6 

96.0 

On 150 mesh 

0.104 

2.6 

97.7 

10.40 

13.20 

2.1 

98.1 

On 200 mesh 

0.076 

1.0 

98.7 

11.50 

13.18 

0.9 

99.0 

Through 200 mesh 

0.076 

1.3 

100.0 

10.60 

13.14 

1.0 

100.0 

Total 


100.0 

100.0 

13.14 

13.14 

100.0 

100.0 


Original sample 


13.30 


Cleaner-jig Tails 


Screen Sise 

Sise, 

MiUi- 

meters 

Solids 

Zinc 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 3 mesh 

6.656 

1.8 

1.8 

2.15 

2.15 

0.7 

0.7 

On 6 mesh 

3.328 

2.8 

4.6 

2.70 

2.56 

1.3 

2.0 

On 10 mesh 

1.664 

15.5 

20.1 

4.30 

3.89 

11.3 

13.3 

On 20 mesh 

0.832 

24.8 

44.9 

4.75 

4.36 

20.0 

33.3 

On 85 mesh 

0.416 

22.3 

67.2 

6.10 

4.95 

23.1 

56.4 

On 65 mesh 

0.208 

17.7 

84.9 

6.90 

5.35 

20.7 

77.1 

On 100 mesh 

0.147 

7.9 

92.8 

7.90 

5.56 

10.6 

87.7 

On 150 mesh 

0.104 

5.6 

98.4 

8.80 

5.82 

9.5 

97.2 

On 200 mesh 

0.076 

0.3 

98.7 

10.30 

5.84 

0.7 

97.9 

Through 200 mesh 

0.076 

1.3 

100.0 

9.50 

5.89 

2.1 

100.0 

Total 


100.0 

100.0 

5.89 

5.89 

100.0 

100.0 


Original sample 5.90 
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CuBAinn-jio CoNcaimtAixs 


Screen Sise 

Sise, 

MiUi- 

meters 

Solids 

Zlno 

Per 

Cent. 

Weii^t 

■j 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

i 

Cumu- 

lative 

Per 

Cimt. 

Total 

Zinc 

On 8 mesh 

6.656 

0.0 



i 



On 6 mesh 

8.828 

11.8 

4.8 

61.10 

61.10 

11.8 

11.8 

On 10 mesh 

1.664 

47.0 

58.8 

61.50 

61.40 

47.2 

59.0 

On 20 mesh 

0.882 

29.4 

88.2 

62.50 

61.80 

80.0 

89.0 

On 85 mesh 

0.416 

7.0 

95.2 

58.60 

61.60 

6.7 

95.7 

On 65 mesh 

0.208 

8.2 

98.4 

49.80 

61.80 

2.6 

98.8 

On 100 mesh 

0.147 

1.1 

99.5 

45.80 

61.22 

0.8 

99.1 

On 150 merii 

0.104 

0.3 

99.8 

44.60 

61.22 

0.7 

99.8 

On 200 mesh 

i 0.076 

0.1 

99.9 

45.00 

61.22 1 

0.1 

1 99.9 

Through 200 mesh j 

0.076 

0.1 

100.0 

60.60 

61.22 1 

0.1 

100.0 

Total ! 

1 

100.0 

100.0 

61.22 

61.22 1 

100.0 

100.0 


Original sample 60.00 


Chat-jio Feed 


Screen Sise 

Sise. 

MiUi- 

meters 

SoHds 


Zinc 


Per 

Cent. 

Weight 

1 

Cumu- 

lative 

Per 

Cent. 

Weight 

Amy, 

1 Per 
< Cent, 
i Zinc 

Cumu- 

lative 

Amy, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 6 medi 

8.328 

3.9 

8.9 

1 3.45 

8.45 

i 2.5 

2.5 

On 10 mesh 

1.664 

34.4 

88.8 

1 5.25 

5.07 

88.4 

85.9 

On 20 mesh 

6.882 

28.1 

66.4 

1 5.15 

5.10 

26.6 

62.5 

On 85 mesh 

0.416 

21.2 

87.6 

; 5.67 

5.28 

22.1 

84.6 

On 65 mesh 

0.208 

9.4 

97.0 

6.70 

5.40 

11.6 

96.2 

On 100 mesh 

0.147 

2.1 

99.1 

7.07 

5.42 

2.7 

98.9 

On 150 mesh 

1 0.104 

0.6 

99.7 

7.20 

5.43 

0.8 

99.7 

On 200 mesh 

0.076 

0.2 

99.9 

7.00 

5.44 

0.2 

99.9 

Through 200 mesh 

0.076 

0.1 

100.0 

5.85 

5.44 

0.1 

100.0 

Total 


100.0 

100.0 

5.44 

5.44 

100.0 

100.0 


Original sample 6.17 
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Chat-jig Tails 




SoUds 


Zine 


SereenSise 

Sise. 

Milli- 

meters 

Per 

Gent. 

Weiid^t 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zino 

Cumu- 
lative 1 
Amy, 
Per 
Cent. 

Per 

Ctaxi. 

Total 

Zine 

Cumu* 

lativs 

Per 

Gent. 

Total 

Zine 

On 8 mssh 

On 6 mesh 

6.656 

8.828 

1 

4.4 

4.4 

0.82 

0.82 1 

2.6 

2.6 

On 10 mesh 

1.664 

37.2 

41.6 

0.72 

0.72 

18.8 

^.8 

On 20 mesh 

0.832 

20.0 

62.5 

0.60 

0.60 

8.6 

20.4 

On 85 mesh 

0.416 

18.0 

75.5 

0.75 

0.70 

6.7 

86.1 

On 65 mesh 

0.208 

7.8 

83.8 

1.85 

0.76 

7.2 

43.8 

On 100 mesh 

0.147 

3.8 

87.1 

2.57 

0.84 

6.7 

60.0 

On 150 mesh 

0.104 

2.3 

89.4 

4.67 

0.94 

7.8 

67.3 

On 200 mesh 

0.076 1 

2.7 

92.1 

5.02 

1.07 

11.0 

68.8 

Through 200 mesh 

0.076 1 

7.9 

100.0 

5.85 

1.46 

81.7 

100.0 

Total 

1 

1 

100.0 I 

100.0 

1.46 

1.46 

100.0 

100.0 

1 


Original sample 1.65 


Chat-jig Hutch 


Screen Sise 

Sise, 

MiUi- 

metere 

1 

1 Solids 

Zino 

i 

1 

' Per 
; Cent. 

1 Weight 

i 

Cumu- 

lative 

Per 

Cent. 

Weight 

1 

Assay, 

Per 

Cent. 

Zino 

Cumu- 

lative 

Amy, 

Per 

Cent. 

Per 

Cent. 

Total 

2iino 

Cumu- 

lative 

Per 

Cent. 

Total 

Zine 

On 6 meeh 

8.328 

7.8 

7.8 

62.7 

1 

62.7 

11.4 

11.4 

On 10 meeh 

1.664 

41.0 

48.8 

45.6 

46.7 

51.6 

62.9 

On 20 meeh 

0.832 

16.1 

64.9 

25.4 

41.5 

11.3 

74.2 

On 85 meeh 

0.416 

7.7 

72.6 

16.2 

88.8 

8.5 

77.7 

On 65 mesh 

0.208 

5.2 

77.8 

20.6 

87.6 

8.0 

80.7 

On 100 mesh 

0,147 

4.1 

81.9 

32.6 

87.4 

8.7 

84.4 

On 150 mesh 

0.104 

3.2 

85.1 

89.2 

87.4 

8.4 

87.8 

On 200 mesh 

0.076 

3.6 

88.7 

88.0 

87.4 

8.8 

91.6 

Through 200 mesh 

0.076 

11.8 

100.0 

26.4 

86.2 

8.4 

100.0 

Total.; 


100.0 

100.0 

86.2 

86.2 

100.0 

100.0 


Original sample 36.8 


Fine-obinding Defakthent 

The dewatered chat-jig and cleaner-jig tails, together with the rougher- 
jig dewatering-screen undersize, is reduced to 20 per cent, plus lOO-mesh 
by five miUs, only four of which are operated simultaneously. The 
grindmg-mill feed is the spigot of two 8-ft. Allen cones contahung 75 
per cent, solids and of the following fineness. 
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Screen Analysis of Grinding-plant Feed 


Screen Sise 

Sise, 

MiUi- 

meters 

Solids 

Zinc 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 3 mesh 

6.656 

1.0 

1.0 

0.20 

0.20 

0.6 

0.6 

On 6 mesh 

3.328 

5.6 

6.6 

3.50 

3.00 

5.7 

6.3 

On 10 mesh 

1.664 

40.1 

46.6 

2.00 

2.13 

23.6 

29.9 

On 20 mesh 

0.832 

21.1 

67.7 

2.70 

2.31 

16.8 

46.7 

On 35 mesh 

0.416 

14.2 

81.9 

4.35 

2.63 

18.2 

64.9 

On 65 mesh 

0.208 

8.7 

00.6 

5.60 

2.95 

14.3 

79.2 

On 100 mesh 

0.147 

4.1 

94.7 

6.20 

3.08 

7.5 

86.7 

On 150 mesh 

0.104 

2.6 

97.3 

7.30 

3.20 

5.6 

92.2 

On 200 mesh 

0.076 

0.7 

98.0 

8.40 

3.26 

2.2 

94.4 

Through 200 mesh 

0.076 

2.0 

100.0 

10.10 

3.40 

5.6 

100.0 

Total 


100.0 

100.0 j 

3.40 

3.40 

100.0 

100.0 


Original sample . 3.70 


This material is elevated and distributed to any of the five mills 
operating, two of which are equipped with model D S D 8 by 25 ft. Dorr 
duplex classifiers in closed circuit. The discharge of the mills without 
classifiers is elevated by a 4-in. Wilfley pump and can be sent to the 
feed launder of either classifier, as only one classifier is needed most of 
the time. 

Data on WiLPtEY Pxtmp for Elevating Grinding-mill Discharge 


Size of pump No. 4 

Revolutions per minute 1080 

Drive 10-in. belt 

Gallons per minute 150 

Ratio water to solids Itol 

Dry tons per hour 20 

Discharge lift, feet 30 

Pressure at pump, pounds 18-20 

Size of pipe, inches 4 

Length of pipe, feet 30 

Intake head above pump shaft, iuches 20 

Size of pipe, inches 6 

Length of pipe, inches 6 

Mesh 

I 60 per cent. + 100 

Specific gravity of solids 3.00 

Character... 1 90 per cent dolomite 

' 1 10 per cent sphalerite 


The pump is fed through a concrete sump 4 ft. square, in which 
near the top is an inclined round-hole screen to collect trash. The 
pump requires a new cover and impeller once in about 8 months. 
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The Dorr classifiers are equipped with four water nozzles of %-in. 
diameter just above the rake line at the overflow end; this is to prevent 
the caking of the limestone above the rakes and the choking of the 
machine. Classifiers are elevated 33^ in. per ft. and make 26 strokes 
per minute. The products of the classifiers are as follows: 


Dorr>classifi£r Overflow 


Screen Sise 


Solids 


Zinc 


Sise, 

Milli- 

meters 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 65 mesh 

0.208 ; 

5.4 

5.4 

0.75 

0.75 

0.9 

0.9 

On 100 mesh 

0.147 j 

11.0 

16.4 

1.70 

1.40 

3.9 

4.8 

On 150 mesh 

0.104 ; 

11.0 I 

27.4 i 

3.80 

2.36 ! 

8.7 

13.5 

On 200 mesh 

0.076 

17.3 i 

44.7 

5.65 

1 3.63 

1 20.3 

33.8 

Through 200 mesh . . 

0.076 j 

i 

55.3 , 

100.0 ! 

5.75 

! 4.80 

66.2 

100.0 

Total 


100.0 I 

i 

100.0 1 

4.80 

4.80 

100.0 

100.0 


Original sample 4.80 


Dorr-classifier Returns 


Screen Size 

Size, 

Milli- 

meters 

Solids 

Zinc 

Per 

Cent. 

Weight 

Cumu- 

lative 

Per 

Cent. 

Weight 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent 

Per 

Cent. 

Total 

Zinc 

Cumu- 

lative 

Per 

Cent. 

Total 

Zinc 

On 20 mesh 

0.832 

3.3 

3.3 

0.90 

0.90 

0.3 

0.3 

On 35 mesh 

0.416 

16.3 

19.6 

3.15 

2.80 

5.4 

5.7 

On 65 mesh 

0.208 

43.4 

63.0 

6.80 

5.50 

30.8 

36.5 

On 100 mesh . 

0.147 

18.7 1 

81.7 

16.00 

7.88 

30.8 

67.3 

On 150 mesh 

0.104 

7.5 1 

89.2 

23.00 

9.17 

18.0 

85.3 

On 200 mesh 

0.076 

4.8 

94.0 

18.50 

9.65 

9.2 

04.5 

Through 200 mesh 

0.076 

6.0 

100.0 

8.90 

9.59 

5.5 

100.0 

Total 


100.0 

100.0 

9.59 

9.59 

100.0 

100.0 


Original sample 9.20 


All the grinding mills were originally pebble mills but four of them 
have been converted to ball and rod mills. Pebble grinding has proved 
very cheap, but on account of grinding coarser material and lack of 
capacity, the mills were converted to ball mills. Size D Danish flint 
pebbles and 4-in. quartzite cubes from Iowa are used in one mill with 
Forbes manganese-steel lining of the design shown in Fig. 10. 

Local hard iron lining is used in all other mills with both steel and iron 
balls of various makes. The rod-mill practice, as an operation, is more 
expensive than ball-mill grinding but produces a more granular product. 







Data on Gbindino Medium, 
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Lining of the by 22 ft. mills weighs 33,101 lb. and lasts one year 
at a cost of 1.5 cents per ton of finished material. 

The test results of two mills showing average practice follow. The 
use of iron cubes has been discontinued. It has been foimd that in addi- 



Door Lmers 


Fig. 10. — Five-bar pattern, Forbes tube-mill lining for flint pebbles. 

tion to rod consumption shown in the test, the flat and small rods dis- 
carded amount to 0.70 lb. per ton, which makes a total rod consumption 
between 1.70 and 2.00 lb. per ton finished of material. The test results 
submitted were obtained while producing a finer product than is now made. 

The overflow from the Dorr classifiers, together with the dewatering 
overflows from the jig department, are thickened in Dorr thickeners to 4 





BOBEBT AMMON 


1061 


to 1 dilution and pumped to the flotation plant. The Dorr overflow is 
clear water for re-use in the mill circuit. 

Data on WmPLBY Slime Pump for Elevating Feed to Flotation Mill 


Size of pump No. 4 

Revolutions per minute 1200 

Drive 10-in. belt 

Gallons per minute 325 

Dilution 4tol 

Dry tons per hour 30-35 

Discharge lift, feet 75 

Pressure at pump, pounds 35-40 

Size of pipe, inches 6 

Length of pipe, feet 300 

Intake head above pump shaft, inches 30 

Size of pipe, inches 6 

Length of pipe, feet 6 

Mesh 20 per cent, -f- 100 

Specific gravity of solids 3.00 

f 90 per cent, dolomite 

Charac r | sphalerite 

Efficiency 44.4 per cent. 


Flotation Department 

The flotation feed, averaging 3.9 per cent, zinc, thickened to 50 per 
cent, solids, is given a preliminary mixing with reagents in a three- 



compartment chamber and floated in seven Janney rougher cells in 
series arranged for gravity flow. The froth of the first two cells is 
cleaned in a two-cell series Janney cleaner and froth from the last five 
rougher cells, together with cleaner tails, comprises the return middling. 

The original feed to the flotation mill is thickened to 50 per cent, solids 
in four 30-ft. Dorr thickeners discharg ng through 44n. lines, which are 
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controlled by stopoocks placed. dose to the tank bottom. The feed is 
given a preliminary agitation in a three-eeries compartment chamber, 
shown in Fig. 11. Each compartment is agitated by a standard vertical 
Janney motor equipped with one 13-in. diameter blade. The function of 
tiiis mixer is to incorporate thoroughly the reagents with the pulp. The 
construction is entirdy of wood. Reagents used are General Naval 
Stores No. 5 steam-distilled pine oil, commercial copper sulfate, and 
thiocarbanilid. All the copper sulfate and thiocarbanilid are added at 
the entrance to the mixer together with 70 per cent, of the pine oil used, 




Fig. 12 . — ^TmoCABSAinuD febdkb. 


one-half of the balance being added to No. 3 rougher cell, and the rest to 
No. 5 rougher cell. All return middlings, consisting of cleaner tails and 
the overflow of the last five rougher ceUs, are returned to the middle 
chamber of the preliminary mixer. The thiocarbanilid is fed at the rate 
of 25 gm. per min. with the feeding arrangement shown in Fig. 12. 

The cam on the driving shaft lifts and drops the thiocarbanilid hopper 
yi in., thus keeping the reagent from arching over on the hopper. The 
small sproeket chmn driven by the Reeves variable-speed control feeds the 
reagmit in very small amounts with perfect regularity. 

Copper sulfate is made into a 20 per cent, water solution in lead tanks 
and fed through s rubber hose and petcock by gravity. Fine oil is fed 
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from the main storage tank by gravity through a petoock. Return mid- 
dlings are fed by gravity through an 8-in. pipe from a circular wooden 
surge tank, the discharge being regulated by a stopcock. 

Liners and impellers made by Kellar Foundry Co. of Knoxville, are 
used. Impellers are spaced 12 ^ in. between bl^es with a 13-in. diam- 
eter blade on the bottom. Liners last 18 months and impeller blades 
10 months. Spitzkastens on the cleaners are of the type shown in Fig. 13 ; 
those of the seven roughers are of the same construction but only 24 in. 
wide. The first two roughers are equipped with double spitzkastens, 
while all other cells have but the single spitzkasten. Skimmers are used 



Fig. 13. — ^Detail op spitzkasten fob Janney cleaner cell. 


on the two double roughers and on the cleaners, as the froth on these 
cells forms a dense compact blanket mass. 

The tailing, averaging 0.09 per cent, zinc with 1.70 to 1 dilution, is 
pumped through 1500 ft. of 6-in, pipe to the limestone plant. Concen- 
trates, averaging 60.50 per cent, zinc and 40 per cent solids, are pumped 
through 450 ft. of 4-in. line to the concentrate-drying department. 

Flotation Physical Data, January-March, 1924 


Dry feed, tons 58,634 

Assay per cent, zinc feed 3.90 

Assay per cent, zinc tails 0.09 

Assay per cent, zinc concentrates 60.64 

Pine oil per ton food, pounds 0 . 293 

Copper sulfate per ton feed, pounds 0.313 

Thiocarbanilid per ton feed, pounds 0. 114 

Extraction, per cent 97.80 

Electric power, kilowatt4iour per ton feed 2.98 

Gallons fresh water per minute 200 
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The two principal features in the control of the operation of the cells 
are the necessity of a heavy dilution on the new feed and the use of plenty 
of fresh water to dilute the cleaner feed. All the fresh water used 
in the plant is employed for diluting the cleaner feed. Mine water is 
used for this purpose in order to insure a uniform clear water supply, as 
occasionally the main mill-water supply is contaminated because of 
faulty settling in the mill Dorr thickeners and to heavy rains, which are 
frequent. No return water of any description is used in the flotation 
department. A general distribution of the values throughout the flota- 
tion cells, with dilutions, is as follows: 


Pboduct 


Assay Pbr Cent. Dilution. Wexoht 
Zinc Water to Solids 


New feed 3.90 

New feed dewatered 3.90 

Machine feed 4.15 

Plant tails 0.09 

Plant concentrates (cleaner froth) 60.60 

Cleaner feed (before adding dilution water) 48.00 

Cleaner tails 22.80 

Total plant middling 7.50 

No. 3 rougher cell froth overflow 8.00 

No. 4 rougher cell froth overflow 4.45 

No. 5 rougher cell froth overflow 2.20 

No. 6 rougher cell froth overflow 1.40 

No. 7 rougher cell froth overflow 0.70 


4to 1 
1 to 1 
2.44 to 1 
1.70 to 1 
1 to 1 
3.82 to 1 

15.1 to 1 
7.32 to 1 
3.62 to 1 

5.01 to 1 
5.01 to 1 

5.06 to 1 

5.07 to 1 


ScBBBN Tests op Flotation Products 


Screen Sise 

Feed 

Concentrates 

Per Cent. 
Total Solids 

Cumulative. 
Per Cent. 
Solids 

Per Cent. 
Total Solids 

Cumulative, 
Per Cent. 
Solids 

On 65 mesh 

8.0 

8.0 

1.4 

1.4 

On 100 mesh 

12.8 

20.8 

6.5 

7.9 

On 150 mesh 

14.0 

34.8 

12.9 

20.8 

On 200 mesh 

16.0 

50.8 

16.9 

37.7 

Through 200 mesh 

49.2 

100.0 

62.3 

100.0 

Total 

100.0 

100.0 

100.0 

100.0 
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Flotation Tails 


Screen Siie 

SoUds 

Zinc 

Per 

Cent. 

Total 

Solids 

Cumu- 

lative, 

Per 

Cent. 

Solids 

Assay, 

Per 

Cent. 

Zinc 

Cumu- 

lative 

Assay, 

Per 

Cent. 

Zinc 

Per . 
Cent. 
Total 
Zinc 

Cumu- 

lative 

Total 

Zinc 

Per 

Cent. 

On 65 mesh 

8.8 

8.8 

0.08 

0.08 

7.5 

7.5 

On 100 mesh ... 

18.3 

22.1 

0.07 

0.08 

9.9 

17.4 

On 160 mesh 

14.0 

36.0 

0.07 

0.07 

10.4 

27.8 

On 200 mesh 

12.9 

48.9 

0.09 

0.08 

12.3 

40.1 

Through 200 mesh 

51.0 

1 100.0 

0.11 

0.09 

59.9 

100.0 

Total 

100.0 

100.0 

0.09 

0.09 

100.0 

100.0 


Operating Data op Flotation Wilpley Pumps 



CoNCXNTBATXB TaILS 

Middling 

Sise of pump 

No. 4 

No. 4 

No. 4 

Revolutions per minute 

1200 

1200 

960 

Drive 

8-in. belt 

8-in. belt 

8-in. belt 

Gallons per minute 

20 

250 

200 

Dry tons per hour 

3 

30 

8 

Discharge lift, feet 

5 

15 

45 

Pressure at pump, pounds 

5 

15 

20 

Sise of pipe, inches 

4 

6 

4 

Length of pipe, feet 

450 

1500 

80 

Intake head above pump shaft, inches 

18 

36 

36 

Sise of pipe, inches 

4 

6 

4 

Length of pipe, feet 

1 

8 

4 

Mesh 

5 per cent. + 100 

22 per cent. + 100 

10 per cent. + 100 

Character 

Sphalerite 

Dolomite 

10 per cent, 
sphalerite 


90 per eent. dolomite 


Flotation Operating Costs 


Itkm Cxnts pxr Ton 

Dbt Fxxd 

Labor (operators) 2.18 

Supervision (foreman) 0.80 

Supplies (oil, waste, heat, etc.) 0.23 

Reagents 6.82 

Repairs and renewals 0.68 

Power 2.53 

Assaying laboratory 3.66 


Total (without royalties) 16.90 

This cost includes operation of Dorr thickeners and middling and 
concentrate pumps but not the tailing pump. The power cost includes 
0.15 cents per ton charged for air used in operating automatic samplers. 

Mill-water Supply 

Water for the mill supply is pumped from the creek mill race, a 
distance of 600 ft., with a 2000-gal. Prescott pump. At the mill Dorr 
thickeners, a 2500-gal. Prescott pump takes the overflow from the tanks. 
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Both these pumps discharge into a steel standpipe. Gallons pumped per 
minute, 4500; tons of water per ton ore, 11. Fresh water used in 
flotation department is from No. 1 mine. 

CONCBNTBATB DbTINO AND LOADING 

Jig concentrates are crushed through 10 mesh mixed with flotation 
concentrates, dried to 0.30 per cent, water and shipped in bulk in box 
cars, to the plant of the American Zinc Oxide Co. at Columbus, Ohio, 
where it is converted into high-grade zinc oxide. 

Jig Concentratbs 

Jig concentrates, comprising about 30 per cent, of the total production, 
are trammed to the drying department, screened in a 4 by 8 ft. trommel 
through a round-hole screen operating in closed circuit with a set 
of 12 by 20-in. rolls. The undersize of the screen is conveyed by a 12-in. 
screw conveyor to a 75-ton wood storage bin above the dryer, to which it is 
fed with an oscillating tray feeder. The crushed jig concentrate joins the 
filter cake at the feed end of the dryer. The moisture in the concen- 
trates (2 to 4 per cent.) is just enough to make inefl5cient screening. This 
is overcome by using a hot-air blowpipe along the face of the trommel, 
the air being heated by a coil in the discharge end of the dryer. 

Flotation Concentrates 

These are thickened in a 30-ft. diameter by 20-ft. deep Dorr thick- 
ener to 50 to 60 per cent, solids and filtered on a 5 ft. 4 in. diameter by 8 ft. 
Oliver continuous filter, using 24-in. vacuum and 8 to 12 lb. sir for blowing. 

Data on Ouvkb FiiOTATioN-coNCENTRATii Filter 

Solida filtered per 24 hr., tons 50 

lUtrate, gaUons per minute 8 

Gspaoity per square foot filter area, pounds 1096 

Cake, inch H-H 

Moisture in cake, per cent 8-9 

Density pulp to filter, per cent, solids 50-60 

Speed of drum, minutes per revolution 6 

Pulp level below drum center, inches 24 

Submergence of drum, per cent 25 

Vacuum pump i Oliver Type M.O. Belt-driven 14-in. 

diameter by 8-in. stroke 

Vacuum pump, revolutions per minute 188 

Vacuum pump, displacement, cubic feet per . 

minute 251 

Vacuum mainteuned, inches 20-24 

Displacement per square foot of cover, cubic 

feet 1.9 

Solution pump 2-m. American 

Sohitkm pump O-in. runner 

Solution punqi^ revolutions per minute 1200 
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Filter bloW| pounds of air 

Type of agitator 

Filter cover 

Life of cover, weeks 

Wire used 

Wire spacing 

Cleaning of cover 

Screen tests of feed 


12 

Oscillating rake 
Oliver 6-0 canvas 
10 

No. 14 galvanized steel 
16 wraps ^r foot. 

Scrubbed and washed every 6 days 
See under flotation plant 


The filter cake is discharged by gravity onto a 12 by 28 ft. Lowden 
dryer fired with 28 gravity fuel oil. With oil firing, there are practically 
no repairs to the furnace or dryer, the plates on the dryer top lasting 
indefinitely. A Bristol recording pyrometer is used for operators^ con- 
trol of the temperature. 

The dryer load averages 75 to 80 tons dry concentrates per day with 
an oil consumption of gal. per ton of concentrates dried. 



To prevent dusting at the dryer discharge, a screw conveyor seal is 
used; this is so regulated as to keep a bank of material over the opening 
into the conveyor, thus preventing any air escaping from the conveyor. 
A Link Belt all-iron elevator raises the dried concentrate to a 20 by 20 ft. 
circular steel bin from which it is loaded by one man, using the type of 
loader shown in Fig. 14. This loader has a capacity of 30 tons per hour. 
Very little dust loss is incurred, the cars being loaded in the open. 

CONCBNTBATB HANDLING CoSTS, IN CbNTS PBB ToN 


Itbm Handlbd Total Shippbd 

Tramming, crushing and screening jig concentrates 41.48 10.50 

Pumping and thickening flotation concentrates 6.52 4.70 

Filtering flotation concentrates 23.71 17.70 

Drying and elevating total concentrates 62.17 62.17 

Loading 13.93 13.93 


Total handling cost 109.00 109.00 


Mill Sampling 

Different sampling devices used throughout the mill are shown in 
Fig. 16. Car samples are obtained with the gun sampler and jig concen- 
trates are sampled as trammed from the jigs, with the pipe sampler. AU 

VOL. Mcn.— 67 
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wet sampling is done with the air actuated device using cutters. These 
samples are taken once in 7 min., one air valve operating all samplers in 
any one building. For samplii^ the dry mill heads, the same system is 
used except that the cutter is suspended on rollers instead of being 
pivoted. All mill samples are assayed every 8-hr. shift and results are 
posted in the mill. 



Mill Poweb Distbibction 

KlLOWATT-BOUBfl PXB TON 


Dxpabtiixnt Hakdlbd Mxlubd 

Aerial tramway 0.12 0.07 

No. 1 coar8e>cru8liiiig plant 0.89 0.35 

No. 2 coarse<€ru8liing plant 0.09 0.60 

Jigging department 1.27 1.27 

Fine-cruahing department 1.86 1.86 

Grinding 10.71 3.63 

Claasifying and thickening 2.36 0.78 

Elevating jig tails 0.46 0.29 

Water supply 1.26 

Pumping feed to flotation 0.46 0.29 


Total wet mill 10.30 

Flotation* 3.17 1.04 

Total milling 11.34 

Concentrate drying* 20.0 0.65 

Grand total* 11.89 


* Includes all air used in sampling and other requirements in each department. 
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Precipitation Efficiency of Zinc Dust in Cyanide Process 

By Robert Lepsoe, Bergen, Norway 

(New York Meeting, February, 1925) 

It is generally realized that in cyaniding the precipitation eflSciency 
of zinc dust is due to the fine division or extended surface of its metallic 
particles; but frequently it is thought that the presence of other metals, 
say 2 to 3 per cent, lead, is advantageous, causing more complete precipita- 
tion. The results of testing about fifty brands of commercial zinc dust 
have led to the conclusion that there is a distinct relation of precipitation 
efficiency to fineness and that the effect generally can be estimated by 
examining the size of metallic particles. The presence of lead was not 
found to be of any importance. 

Specifications 

Generally the term ^^97 per cent, to pass a 360-mesh screen, 96 to 97 
per cent, uncombined metallic zinc'’ is used by the leading European 
exporters. Among the many methods of determination of metallic 
zinc, I have found the iodine test (iodine in potassium iodide) very 
satisfactory and rapid. It has been controlled by the other methods, 
samples of the same product having been sent to three different analysts: 

Iodine method .98.11 per cent, metallic sine. 

Volumetric method . .. 97.63 per cent, metallic sine, Ledoux Co., New York 

Bichromate method 98.16 per cent, metallic sine, Watson Gray, Liverpool, England 

Bichromate method 98.20 per cent, metalhc sine, Norway Inst, of Tech., Trondhjem 

Determination op Precipitation Efficiency 

The method devised by W. J. Shaxwood* was used. The method 
proved to be satisfactory, the tests being merely for the comparison of 
different samples, hence the personal factor in manipulation was elimi- 
nated. As nearly all tests showed more zinc in solution than was 
accounted for by the silver precipitated, the term “dissolved zinc” was 
introduced — it means zinc dissolved by the action of cyanide and oxygen: 

Zn + 4KCN + H,0 + O = K,Zn(CN)« + 2KOH; 
or more probably, resolution of its equivalent precipitated silver, as 
tests stirred two hours showed more “dissolved zinc” than those stirred 


•Cyanide Precipitants — A collection of articles. Eng. dk Min. Jtd. (1914). 
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Microscopic Examination 

Mostly 0.008 and 0.01; very bright, very few 0.004 

Considerable 0.003, but mostly coarse, crystalline aggregates 
Crystalline, very coarse, corresponding to about 0.03 and 
0.07 

Mixture 0.002, 0.004, and 0.008; bright 

0.004 and 0.008; bright 

Mostly 0.004, but considerable 0.008; bright* 

0.004, very few 0.008 and 0.002; bright^ 

Mostly 0.004, but considerable 0.003; less bright 

0.002 and 0.004, very few 0.008 and 0.01, less bright 

About two-thirds 0.003, one-third 0.0002; dark 

0.003 and 0.0025; dark 

Not uniform, 0.008; 0.004 but considerable 0.03 oxide 

Very coarse; black 

Dissolved 
Zinc Based 
on Metallic 
Zinc, Per 
Cent. 

oooo too oor-^t«oiO'^«D o 

0i-4«0»00 eOiH ci rH lOCOt^OtOf-Hcioio O 

Metallic 
Zinc Left 
in Predp. 
Based on 
Metallic 
Zinc, Per 
Cent. 

OOOOQO (OO oo ooooooooo^ o 

QQQDCQ'^Cb tod tOi-i COP>iHi-iC<ltO|^Qnoo CO 

OlOtocDao '<4'co toto o 

Free. Efif. 
Based on 
Met^c 
Zinc Con- 
tent, Per 
Cent. 

OIO'^OC^ toto too OOCOOtO^tOOOtOQO 

*^o> oioo e<ioo»-<05dcodo>i-<cod 
coco-veo^ tQiOto^otoOiOcoeo 

Per Cent. 
Preo. Eff. 

i-igOQOO«-4 VHOO or- iHIOQOOt-.0>OCO'<4<00 

COOffOOi-l totOV»^»OV«tOtOOO 

1 

CO^ g 
+ 80 

O 00 

THcocoeoi loei oo odd'4'iH«Hoeoe4totb 

CO eo. 

Iron, 

Per 

Cent. 

0.09 
n. d. 
0.09 
0.015 
0.01 

0.01 

0.02 

0.09 

0.09 

0.09 

0.07 

0.07 

0.05 

n. d. 

n. d. 

n. d. 

0.027 

0.04 

0.03 

n. d. 

1^1 

S •« S S s S S S S S3 S S S S S I t. e, 

ddd<H<H dd dd deecidddddddd 

Metallic 

Zinc, 

Per 

Cent. 

oooeooo COM aaa» oot^^oocioootoo 

sssss 

Sample 

f-teseo'^to SooiMCtco^iocob-oo 


100 per cent. — 200-meBh. ^ 35 per cent. — 200-me8h. * Samples 8* and 8>» fractions made by elutriation in a rising stream of water. Sherwood: loe, eit. p. 7. 
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one hour. To determine “dissolved zinc” the silver precipitate was 
dissolved in nitric acid, silver titrated with thiocyanate, and solution 
titrated with ferrocyanide (after removing silver precipitate) giving the 
amount of intact metallic zinc left in the zinc dust silver precipitate. 
The difference between active plus intact zinc and total metallic zinc is 
“dissolved zinc.” 


SotTBCBS OF Zinc Dust Tested 

Samples 1 to 4 are American zinc dust; 6 to 8 are Norwegian, electro- 
thermic fumed dust; 9 to 14 are from an electrothermic experimental 
plant; 15, origin is unknown, sample was furnished by Ste. Generale 
de Commerce & Exterieur, Paris; 16 is Belgian dust; 17, German; and 
18, electrothermic blue powder (byproduct from electrothermic zinc 
smelting). Samples 4 and 5 were atomized, the other distilled. 

Pbecipitation Epficienct as a Factob op Fineness 

The microscopic examination showed that the distilled zinc dust con- 
sists of almost perfect spherules. The appearance is almost clean and 
metallic except in samples 16 and 17, where numerous particles of oxide 
are shown. The atomized dust (samples 4 and 5) has a coke-like surface 
and is very coarse; especially sample 5, which was made by a 100 lb. 
air pressure. 

The number of spheres in a pound zinc dust, assuming the specific 
„ . 0.1235 , 

gravity as 7. is , hence 

if the diameter is 1 mm., 1 lb. will contain 123,500 particles 
if the diameter is 0.1 mm., 1 lb. will contain 1235 million particles 
if the diameter is 0.01 mm., 1 lb. will contain 123,500 million particles 
if the diameter is 0.003 mm., 1 lb. will contain 4600 billion particles 


Fig. 1. Fig. 2. 

In sample 15, spherules of 0.003 mm. diameter were found to be pre- 
dominant, hence the number of particles in 1 lb. (89 per cent, metallic 
zinc) is 4600 billion X 0.89 = 4100 billion. In the precipitate was left 
28 per cent, of the dust’s metallic zinc content, the diameter of remaining 

0 1235 

intact zinc spherules is then: 4100 billion = — X 0.28 and d — 

0.002 'mm. The original spherule was 0.003 mm., hence the thickness 
of active surface is 0.0005 mm. 
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In sample 8,* the major particles were of 0.004 mm. diameter. The 
number of particles in 1 lb. is 2000 billion. In the precipitate was left 
43 per cent, of the metallic zinc, then the diameter of the intact particle 
0 1235 

is 2000 billion = -^-^8 — X 0.43 and d = 0.003 mm. The thickness of 

active surface is 0.0005 mm. and so forth. 

In the same manner, the efficiency of a zinc dust may be estimated 
on the basis of fineness as: 

^ %T{d ^ o,ooiy 0.001)3 

X 100 = X 100 

The diameter examined being 0.002 mm., the efficiency is 88 per cent. 
The diameter examined being 0.003 mm., the efficiency is 70.3 
per cent. 

The diameter examined being 0.004 mm., efficiency is 58.0 per cent. 
The diameter examined being 0.008 mm., efficiency is 33.2 per cent. 
The diameter examined being 0.01 mm., efficiency is 27.0 per cent. 
The diameter examined being 0.03® mm., efficiency is 9.7 per cent. 
The diameter examined being 0.07^ mm., efficiency is 3.5 per cent. 
To get a fair comparison between the found efficiencies and those from 
fineness estimated values, it is necessary to eliminate what is called 
dissolved zinc. This is possible by figuring the precipitation efficiency 
from the difference of metallic zinc left in precipitate; which is here called 
^‘true efficiency.’’ 

Table 2 


Sample 

True Efficiency, Per Cent. 

j Estimated Efficiency, Per Cent. 

1 

32 

j 27-33.2 

5 

11 

About 11 

7 

61 

' 60 

8a 

45 

45 

8b 

49 

' 49 

8c 

! 57 

56 . 

9 

i 71 

63 

12 

' 68 

72 

14 

73 

75 

15 

i 72 

1 

i 


From the foregoing data there is little doubt as to what role fineness 
is playing. The consumer frequently calls for high content of metallic 
zinc, but mostly he buys in accord with the efficiency obtained in practical 
running. The producer should, therefore, direct his attention to improv- 
ing the fineness — under maintenance of the highest content of metallic 
zinc — imtil it becomes really fume. 

« Corresponds to particles just passing through 350>mesh screen. 

^ Corresponds to particles just passing through 200>mesh screen. 
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DISCUSSION 

G. M. Bbown, New York, N. Y. — ^Andr5 Dorfmann of the McIntyre 
Porcupine Mine made a similar test, some years ago, relative to consump- 
tion of zinc and the results he obtained confirm the statements in this 
paper. In addition to the amount of zinc left in the precipitation presses, 
he determined the amount of zinc in the barren solution. As this solu- 
tion was recirculated through the system, he also determined the amount 
of zinc precipitated from solution, in the ball-mill, tube-mill and agita- 
tors, before the solution was again returned to the precipitation presses. 

Charles E. Locke, Cambridge, Mass. — The thing which struck me 
in looking through the table is that the maximum figure is about 60 per 
cent, efficiency, when based on the metallic zinc content, and the ordinary 
efficiency, if I interpret it correctly, ranges from a maximum of 57 per 
cent, with the finest dust down to 6 per cent, with some rather coarse 
samples of zinc dust. 
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Determination of Suspensoids by Alternating-current 
Precipitators 

By Philip Drinker* and R. M. Thomson,* Boston, Mass. 

(New York Meeting, February, 1025) 

In the mining and metallurgical industries, numerous problems arise 
requiring determinations of solid and of liquid particles suspended in 
air. Frequently, these problems are of local interest and involve purely 
economic or operating difficulties; on the other hand, toxic effects from 
the inhalation or the ingestion of substances suspended in air may be a 
matter of concern. For checking up process improvements or for 
determining ventilation efficiencies in problems of this general nature, 
various methods have been proposed. Although simpler methods are 
often satisfactory, precipitation combines several desirable features that 
other methods lack. This paper is, therefore, devoted to a discussion 
of portable alternating-current precipitators applicable to the quantita- 
tive determination and microscopy of dusts, fumes, and smokes in air. 

Small particles suspended in gases, such as air, are referred to in the 
literature as aerosols or suspensoids. Of these terms, suspensoids appears 
to be preferable as being more nearly in keeping with words in everyday 
use. In problems involving air pollution by small particles — by suspen- 
soids — ^it is convenient to distinguish three broad classes based on the 
size, the degree of dispersion, and the method by which the particles 
become suspended in the air. 

Diesis . — Particles or aggregates of particles, 150 to 1 micron in diam- 
eter, that are thrown into the air by mechanical agencies are termed 
dusts. Examples are silica; talc; cement; organic dusts such as hard 
rubber, starch, and cocoa; flocculated fume, and smoke products. 

Fumes. — Particles, 0.2 to 1 micron in diameter, formed from chemical 
or physicochemical reactions are known as fumes. Examples are ammon- 
ium chloride, lead and mercury, zinc and magnesium oxides, fogs, and 
acid mists. 

Smokes. — Particles, less than 0.3 micron in diameter, formed by 
incomplete combustion of carbonaceous and other substances are called 
smokes. Examples are the particles formed from burning tobacco, oil, 
tar, and gas. 

* Department of Ventilation and Blumination, Harvard School of Public Health. 
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These classes resemble those originally suggested by Gibbs, ^ except 
that dusts cover a wider range of particle size and the size hmitations for 
fumes and smokes overlap. In spite of obvious errors resulting from the 
inadequacies of classification, several features differentiating the three 
groups can be distinguished. Uniformity in the size of the particles and 
the tendency to flocculate or aggregate in air increase as the particles 
become smaller. Under still-air conditions and normal temperatures, 
dusts settle out with acceleration and do not diffuse. Fumes settle 
at rates approximating those predicted by Stokes’ law and diffuse to 
some extent; while smokes diffuse, show Brownian movement, and 
settle so slowly that their settling rates, even in still air, may be ignored 
unless the particles become united into larger aggregates. 

In establishing the principles and the practical operating details of 
his process, Cottrell was concerned, in his original work, with large instal- 
lations. No attempt seems to have been made to develop small portable 
precipitators until Tolman, Reyerson, Brooks, and Smythe,* in 1919, 
described a suitable equipment. By means of high-tension current, 
rectified by a kenotron, particles were precipitated on a thin aluminum 
foil and the increase in weight of the foil determined. Somewhat later. 
Bill* published an account of dust determinations obtained with a small 
electric precipitator that differed from Tolman’sin the use of a mechanical 
stick rectifier instead of a kenotron. At about the same time, Lamb, 
Wendt, and Wilson^ described an electric fume or smoke mask in which 
a storage battery and an induction coil served as the source of high- 
tension current. These authors used glass tubes wrapped with metal 
foil for collecting electrodes, while the precipitating electrodes were 
made to bristle with sharp points protruding radially. Several of 
these tubes were placed together in a bundle with the connections for air 
flow and current in parallel. Although no rectifying device was utilized, 
the fact that this method, if glass tubes were used, could produce com- 
plete precipitation without complete rectification does not seem to have 
been considered. Strong* has obtained a patent for a small precipitator 
much like Lamb’s, but in which only one tube is used. Lamb suggested 
using several tubes connected in parallel, although his quantitative data 
were obtained with but one tube. 


^W. E. Gibbs: The Industrial Treatment of Fumes and Dusty Gases. /nZ. 
Soc. Chem. Ind. (1922) 41, 189T. 

*R. C. Tolman, L. H. Reyerson, A. P. Brooks and H. D. Smyth: An Electrical 
Precipitator for Ansdyzing Smokes. JrU, Am. Chem. Soc. (1919) 41, 587. 

* J. P. Bill: The Mectrostatic Method of Dust Collection as Applied to the Sanitary 
Analysis of Air. Jrd. Ind. Hyg. (1919-20) 1, 323. 

B. Lamb, G. L. Wendt and R. E. Wilson: A Portable Electric Filter for 
Smokes and Bacteria. Trans. Am. Electrochem. Soc. (1919) 85, 357. 

» W. W. Strong: U. S. Patent 1325124. 



1068 


DETERMINATION OF SUSPSNSOIDS 


For studying the effects of covering the precipitating electrodes with 
glass tubes, Shibusawa and Niwa^ used a small precipitator with a keno- 
tron and a glass tube wrapped outside with metal foil. like Tolman, 
they obtained the high-tension current from a transformer. By means 
of oscillograms, they showed the characteristics of the voltage and 
current curves obtained when the precipitating electrode was positive, 
negative, and when alternating current was used and no kenotron was in 
the circuit. No experimental precipitations were made, however, with 
all^mating current. 

Katz, Fieldner, and Longfellow^ used a small precipitator, like Tol- 
man’s, but obtained unsatisfactory results. Drinker, Thomson, and 
Fitchet® used successfully a small portable precipitator having a glass 
tube, in which the current was supplied by a transformer, but in which 
no Rectifier was used. Baumberger® and Salmang^® both obtained 
satisfactory results with small rectified-current precipitators for analyses 
of smokes. Warren and Read^^ experienced trouble with the precipita- 
tion method for dusts, while Weber^® has recently shown the usefulness 
of a device, like Strong^s, for determining acid mists. 

If the apparatus for this general type of work is to be portable, it 
must be of reasonable weight. To some, a portable apparatus implies 
a device that can be carried in one’s pocket; to others, an apparatus the 
size of the Orsatt for gas analyses; while still others are willing to use an 
equipment weighing 50 lb. or more, particularly if two observers work 
together. While no one would care to carry a 50-lb. apparatus into an 
inaccessible place in a mine, it may be perfectly satisfactory for work in a 
factory where current is available. Where current is not available, the 
lighter storage-battery outfits can be used and determinations made 
without the use of any current other than that from the battery. 


• M. Shibusawa and Y. Niwa: A New Electrical Precipitation Treater. Jrd. 
Am. Inst. Elec. Engrs. (1920) 89 , 890. 

^S. H. Katz, E. S. Longfellow and A. C. Fieldner: EflSciency of the Palmer 
Apparatus for Determining Dust in Air. Jrd, Ind. Hyg, (1920-21) 2 , 167; also 
The Sugar-tube Method of Determining Rock Dust in Air. Bur. Mines Tech, 
Paper 278 (1921). 

• P. Drinker, R. M. Thomson and S. M. Fitchet: Atmospheric Particulate Matter 
— II. The Use of Electric Precipitation for Quantitative Determinations and Micros- 
copy. Jrd, Ind, Hyg, (1923-24) 5, 152. 

•J. P. Baumberger; The Amount of Smoke Produced from Tobacco and Its 
Absorption in Smoking as Determined by Electrical Precipitation. Jrd. Pharm, dt 
Exp, TherapeuHca (1923) 21 , 47. 

H, Salmang: Ueber die Analyse von Rauch. Ztschr, ang, chem, (1924) 87 , 97. 

P. H. Warren and T. A. Read: Methods and Apparatus for Determination of 
Dust Suspended^in Air. Proc, Atustralasian Inst. Min. & Met. (1922) [N.S.] No. 47, 
297. “ 

H. C. Weber: Quantitative Analysis of Mists and Fogs, Especially Acid Mists. 
Znd. dt Eng. Chem. (1924) I 69 1239. 
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ALTEBNATINGhCXJBBENT METHOD OP PbECIPITATINO SuSPENSOIDS 

There appears to be a general misunderstanding of the difference 
between the alternating- and the rectified-current methods of precipi- 
tating suspensoids, and an apparent reluctance to admit that efficient 
precipitation with alternating current is possible. The- alternating- 
current method seems, perhaps, at first sight, to contradict the popular 
theory of rectified-current precipitation as originally described by 
Cottrell, Lodge, Walker, and others, and long since proved of 
great usefulness. 

It will be recalled that Cottrell’s original plant was built for the 
recovery of sulfuric-acid mist — a conducting suspensoid. Small precipi- 
tators, like Tolman’s, adapted directly from the Cottrell process have 
been uniformly reported as successful, provided the suspensoid under 
determination was conducting. When this was not the case, as in the 
work of such careful investigators as Katz, Fieldner, and Longfellow, 
or Warren and Read, the results were not so good. 

Frequent accounts are given of troubles in rectified-current plants 
operating on the original Cottrell principle. Often these troubles have 
been caused by dry non-conducting suspensoids, such as zinc-oxide 
fume, which pile up on the collecting electrode and materially affect 
efficient precipitation. To remedy such troubles, the fume is humidified, 
which renders the particles conducting. 

For small precipitators, the alternating-current method, operating on 
what Strong^^ calls the condensed-field principle, avoids many, but 
by no means all, of these troubles and is especially suited to our problems 
because rectifiers are omitted. Rectifiers, whether of the mechanical or 
thermionic type, like the kenotron, are troublesome and expensive and 
it is best to adopt a method that does not require their use. It should 
not be inferred from this that the rectified-current method is not adapted 
to small precipitators intended for long protracted runs on conducting 
suspensoids, such as acid mists. Their possible usefulness for such 
purposes is well demonstrated by the numerous Cottrell plants now 
working at high efficiencies and has been clearly shown by Baumberger, 
Salmung, Shibusawa, and Tolman. In discussing the use of small 
precipitators, like Strong’s, for determining acid mists (conducting 
suspensoids) Weber lays much emphasis on the need of adjusting the 
vibrator in the induction coil, a manipulation by which Lamb, Wendt, 
and Wilson found they could increase the positive part of the high-tension 
discharge and thus more nearly approach the rectified or uni-directional 
current discharge given by a method such as the transformer and keno- 


^•W. W. Strong in Bogue’s “Colloidal Behaviour’^ Chap. 23. , N. Y., 1924. 
McGraw-Hill Book Co. 



1070 


detubminatiom of strspENSoios 


tron. Weber reports having found the authors’ pyrex glass tubes 
“absolutely useless” at the low volt^es he employed and used instead 
thin lead glass tubes, thus again more nearly approaching the rectified- 
current precipitators. That Lamb and his associates or Weber either 
required or obtained the degree of rectification given by the kenotron 
has not been demonstrated. 

It is our experience that, in small precipitators intended for runs 
of short duration, the alternating-current method can be used for both 
conducting and non-conducting suspensoids. For both long and short 
runs on non-conducting suspensoids, the alternating-current method, 
which utilizes the condensed-field principle, is much to be preferred. 
These facts, which can be very easily confirmed by anyone interested, 
were established some years ago, especially by the work of Strong to which 
reference has already been made. The authors’ contribution to the use 
of small precipitators consists simply in adapting proved methods 
to the solution of their own problems and particularly to the use of 
the precipitation method for suspensoids to be examined under 
the microscope. 

ConstrudioTMl Details of Precipitators 

The constructional details of small alternating-current condensed- 
field precipitators, whether of the storage-battery or transformer type, are 
very similar. These precipitators consist essentially of a suitable device 
for obtaining high-tension alternating current, a collecting or “ passive ” 
electrode, a precipitating or “active” electrode, a suitable device for 
drawing the air through the precipitator, and a meter for measiuing 
the rate of flow. A rheostat in the primary circuit is advisable, while 
a ground from the collecting electrode may be used but is not 
always necessary. 

The Collecting Electrode 

As shown in Figs. 1, 2 and 3, the collecting electrodes are made of 
transparent dielectric substances, like quartz or glass, wrapped with a 
metal foil, such as aluminum. Although we have had no occasion 
to use electrodes other than glass or quartz, materials such as hard rubber, 
mica, or bakelite would probably work satisfactorily. While slightly 
better results are obtained with clear quartz tubes than with glass, 
they are much too expensive for general use. Ordinary lime-glass tubes 
are satisfactory for the very small precipitators, particularly if the sus- 
pensoid under determination is dry and non-conducting. For the larger 
precipitators, pyrex is preferred because it possesses higher dielectric 

P. Drinker and R. M. Thomson : The Use of Owens’ Jet Dust Counter and of 
Electric Precipitation in the Determination of Dusts, Fumes and Smokes in Air. 
JrU, Am. Soc. Heat, and Vent. Engrs. (1924) 80, 695. 
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Fia. 1 . — ^Tbanspormbk type op precipitatok showing position of celluloid 
poiL (solid line across tube) and metal foil (dotted line). Courtesy op 
Jrd, Am. Soc. Heat and Vent. Eng. 



Fig. 2. Fig. 3. 

Fig. 2. — Special collecting tube using no rubber stopper. Courtesy op 
Jrd. Ind. Hyg 

Fig. 3. — ^Battery type py precipitator por determining dusts. 
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strength than lime glass and is much less apt to be punctured should dis- 
ruptive discharges take place. For determining acid mists, which are 
conductors, Weber, as already pointed out, considers pyrex ‘‘absolutely 
useless^’ and uses lead glass. With dry non-conducting substances, we 
find lime superior to lead glass. 

In both the small and the large precipitators, the optimum diameter 
of the tube is not sharp. There is always a fairly definite size diameter 
that, if exciseded, gives poor results, but if smaller diameters are used, 
there seems to be little change in the efficiency of precipitation. For 
non-conducting suspensoids, like dry dust or fume, it is best to keep the 
diameter of the tubes small; for precipitating conducting suspensoids, the 
diameter of the tube should be made larger, otherwise sparking occurs 
and the efficiency of precipitation is reduced. For acid-mist deter- 
minations, Weber suggests paraffining the inside of the tube so that the 
accumulated drops run into a glass beaker beneath. 

For convenience in handling the precipitate in the laboratory, it is 
advisable to make the tubes short. Very little advantage is gained by 
using tubes of lengths comparable to those used in the large-scale rectified- 
current plants. On the contrary, they are troublesome to clean .and 
are, therefore, a drawback. 

The optimum thickness of the walls of the tubes is also questionable 
and seems to vary roughly with the voltage applied and the dielectric 
strength of the material used. In the small precipitators, it is best to 
use thin-walled tubes; while in the transformer type of precipitators, 
tubes thick enough to obviate chances of puncturing are essential. In 
any case, there is no trouble caused by slight variations in either the 
diameter or thickness of the walls of the glass tubes. 

Use of Celluloid Foil for Collecting Precipitates 

If efficient precipitation has been obtained in small units of either the 
direct- or alternating-current type, the precipitate is confined to a dense 
area beginning with the region of the electric field and extending upward 
but a very short distance. If precipitation has been incomplete, par- 
ticles extend to the top of the tube. By catching the particles on alum- 
inum foil instead of on the walls of metal tubes, Tolman found that the 
effectiveness of precipitation could be judged by observing whether or 
not the precipitate was confined to this dense area at the beginning of 
the foil. For our purposes, it is better to use transparent foils of low 
conducting power, such as mica or celluloid, than opaque metal foils like 
aluminum, although the latter are more satisfactory to weigh. After 
a run has been completed, the effectiveness of precipitation can be judged 

Contrary to our first impression, metal foil on both sides of the walls of the 
glass tubes gives poor recoveries in the alternating-current precipitators. 
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by holding the transparent foil to the light and observing how far up the 
foil the precipitate extends. It is never necessary to run at such low 
voltages or high air velocities that the precipitate extends to the top of 
the foil. For testing filtration efficiencies of fabrics, masks, or respirators 
the celluloid-foil method is especially useful and can readily detect minute 
amoimts of fine fume particles by obtaining their accumulated precipitate 
over 10- or 20-min. periods. 

For the small precipitators, we have been unable to obtain celluloid 
foil thin enough to fit snugly against the walls of the tubes. Unless the 
foil fits tightly, precipitation is irregular and often inefficient. With the 
small precipitator, therefore, efficiency must be judged by the evidences 
of precipitation at the top of the tube or by the TyndaU effect in the 
air escaping from the precipitator. 

Precipitating Electrode 

As in the rectified-current method, the precipitating electrode should 
be centrally aligned and held rigid; otherwise the area covered by the 
precipitate is irregular and the precipitation efficiency may be low. In 
general, better result^are obtained when the wire is fine, but it is unneces- 
sary either to thread it, as Tolman did in his rectified-current precipitator, 
or to use Lamb^s electrode with points protruding radially. The wire is 
inclosed in glass. Fig. 1, in order to hold it in rigid central alignment, to 
permit the use of copper instead of platinum, and to facilitate the with- 
drawal of the celluloid foil without disturbing the precipitate. Where 
the celluloid foil is not used, it is better to use tubes with two side arms 
(Fig. 3) for the entrance and escape of the air and to hold the wire in 
central alignment by capillaries inserted in rubber stoppers at each end 
of the tube. In larger units, like that shown in Fig. 1, there is more than 
ample capacity, so that it is possible to use the method shown instead of 
the bare wire, although the latter is the more effective. In the case of 
the small precipitators, bare wires are advisable because the rate of air 
fiow through the device, at best, is low. 

No matter how fine the precipitating wire is made, traces of precipi- 
tate are obtained upon it in amounts that vary roughly with its diameter. 
Often the amount is small enough to ignore, particularly if the sample is 
taken for microscopic examination and is not to be estimated chemically 
or gravimetrically. In any case, the removal of these slight amounts 
is not difficult with either the inclosed- or bare-wire methods. 

Fig. 2 represents one of the rather surprising liberties that may be 
taken with the electrical connections in precipitators for determining 
non-conducting suspensoids. The precipitating electrode, a fine stiff 
rod or wire, is fixed in the glass holder at the bottom of th^ tube, and is 
held by the constriction in the glass tube at the top. In spite of the 
contact between the glass holder fused across the tube, and both the 

YOL. LXXZ. — 68 
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precipitating and the collecting electrodes^ this type of tube is satisfactory 
for both the transformer and the battery type of precipitator. 

Suction Fan and Air Meter 

An advantage of the precipitation over other methods for suspensoid 
determinations is the low resistance of the glass tubes to air fiow^ thus 
permitting the use of small motors for running the suction fan. For the 
transformer type of precipitator, a small 110-volt sewing-machine motor 
may be used, while small motors, run from the batteries, suffice for the 
smaller precipitators. For use in mines where compressed air is available 
and current is not, Warren and Read suggest a compressed-air ejector 
as a source of suction for sampling dusty air. 

Whether suction fans or ejectors are used, the rate of air flow is 
conveniently measured by a device such as the orifice meter or a glass 
resistance-flow meter. In all cases, the rates of flow can be controlled 
by rheostats on the motors, by bypasses, or by clamps on the rubber 
tubing connecting the various parts of the apparatus. 

Permissible Rates op Air Fi^npw 

As in large plants, it is a simple matter to run the air through the 
precipitators too fast to catch all the particles. Running the air through 
too fast, or '^overloading,'^ can be detected by the methods already dis- 
cussed and, in properly made tubes, can be avoided by increasing the 
intensity of the field or by lowering the rate of air flow, or by both. It 
is unnecessary to run the precipitators at such high rates that particles 
escape precipitation. 

On the transformer type of precipitator, rates of air flow varying 
from about 5 to 60 liters per minute are the most convenient. The bulk 
weight of the apparatus depends mainly on the transformer and varies, 
in our apparatus, from about 25 to 50 lb. With the lighter types of 
transformers now available, this weight could doubtless be much reduced. 
When storage batteries are used, the weight can be reduced to but a few 
pounds, while the rate of sampling is correspondingly reduced (Fig. 4). 
With our apparatus the storage-battery method permits rates of about 
2 to 8 liters per minute. Strong states that very small precipitators, run 
from dry batteries, can now be obtained for $8. 

Accuracy Attainable by the Alternating-current Method 

As pointed out, the alternating-current method of precipitation 
permits recoveries at efficiencies very close to 100 per cent. Whether the 
rate of air flow through the apparatus should be measured with a com- 
parable degree of precision, depends on the problem in question. It 
is difficult, with pitot tubes, orifice meters and similar devices, to measure 
rates of air flow to an accuracy greater than 95 per cent., and dry or wet 
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gas meters are too bulky for convenient use in any but laboratory work. 
Small electric meters, such as are now available for measuring gas con- 
centrations in chimneys and in alveolar air, could doubtless be applied 
to precipitators. As the accuracy attainable by the precipitation method 



Fig. 4. — PoBTABLE STOBAOE-BATTEBT FBECIPITATOB fob DETEBiaNINO DUSTS IN aib; 

WEIGHT 13 LB. 

A, Precipitator tube of lime glass; B, flow meten C, suction fan; D, motor for suc- 
tion fan, miming on 2 and 8 volts direct current; E, radio rheostat controlling speed 
of motor; F, switch for motor; 0, Ford induction coil; H, Edison alkali batteries; 
/, inclined manometer, using ether, for registering pressure on flow meter; J, switcn 
on primaiy of induction coil. 

is dependent on the measurement of air flow through the precipitator 
as well as on the efficiency of precipitation, the individual investigator 
must choose his method of metering the air in accordance with the pre- 
cision his problem requires. 
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Application op Pbbcipitation to Micboscopt 

By using the celluloid foil, samples may be obtained in a state conven- 
ient for mounting and examining under the microscope. Strips are cut 
from representative portions of the foil and are mounted on glass slides 
by means of a few drops of amyl acetate. Warming the slide at a gentle 
heat causes the foil to lie flat against the glass and eliminates sur- 
face irregularities. 

As the particles are driven into the celluloid with considerable force, 
it is usually possible to add a drop of oil for examination under an oil 
immersion lens without disturbing the particles. With many substances, 
particularly dusts, permanent moimts can be made by fixing the celluloid 
on the glass slide with the precipitate next the glass. It is often conven- 
ient, when using the celluloid-foil method, to withdraw the foil after 
precipitation and to place it and the precipitating electrode in a glass 
tube of the same diameter as the psrrex tubes. Packed in this way, 
the samples can be transported or mailed without disturbing the precipi- 
tate, and slides prepared several months after the samples are taken. 

Size Distbibtjtion of Pabticlbs in Pbecipitatb 

One of the main advantages we have hoped to obtain by this method 
is the precipitation of particles in the state in which they occur in air; 
for example, if the particles were originally flocculated into aggregates, 
to show them as aggregates, and if dispersed, to obtain them in the same 
way on the celluloid foils. 

We have shown elsewhere^* that, with the alternating-current method, 
dust, or flocculated fume particles can be caught at higher rates of air 
flow than dispersed fiunes, while smokes are stUl more difficult to collect 
— an effect due probably to the number or concentration of the particles 
and not to any inherent properties of these different substances. This 
indicates that the smaller the particles the more difficult they are to 
precipitate and suggests the possibility that small particles might be 
precipitated farther up the tubes than large particles. As a matter of 
fact, however, in complete precipitation of non-uniform substances, such 
as dust, the precipitate is confined to such a small area that this size 
distribution is not noticed. As yet, we have obtmned insufficient evi- 
dence to settle the question one way or the other. It is a matter of 
interest that Rohmann^^ has found a method of measuring size distribu- 
tion by utilizing the precipitation principle but employing low voltages. 
The dispersed cloud is passed through a direct-current field and the 

w/nZ. Ind. Hyg. (1923-4) S, 162. 

H. Rohmann: Methode zur Messung der Grosse von Schwebeteilchen. Zltchr. 
phya. ehem. (1923) 17, 253. 
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distance the particles travel before precipitating gives an index of 
their size. 

From the literature on the rectified-current process, one might infer 
that the alternating-current method would produce mainly flocculation. 
While such an effect can be shown in a large container fllled with a smoke, 
fume, or dust, conditions in the precipitator are quite different. The 
time for the particles to pass through the tubes is much too short for them 
to be caught simply as a result of flocculation. No such effects, more- 
over, are apparent on microscopic examinations of dry substances pre- 
cipitated on the foils. 

Objections to Precipitation Method 

In the transformer type of precipitators, voltages varying from 5000 to 
20,000 are used, depending on the suspensoid under investigation. In 
storage-battery precipitators, the voltage varies from about 1000 to 
5000, according to the number of batteries used. The danger from shocks 
in the transformer precipitators is unquestionably real and not to be 
dismissed casually. Shocks from the battery type of precipitators are 
about like those that one gets from the spark plug of an automobile — 
very unpleasant, but not serious. We have used both types of precipita- 
tors constantly during the last three years in both laboratory and 
field work and see no reason why the voltages employed offer any 
practical difficulties. 

The fact that celluloid foil can be used in the collecting tubes shows 
that sparking troubles are few, but they do occur occasionally, particu- 
larly with wet conducting substances like tobacco smoke. The fire or 
explosion hazards in small precipitators for dusts like flour, cocoa, hard 
rubber, bituminous coal, zinc powder, and sulfur are questionable. 
Trostel and Frevert** have shown that to render an air mixture of these 
dusts inflammable requires concentrations too great to maintain more 
than momentarily; consequently it is difficult or impossible to suspend 
in air and then pass a really inflammable mixture of these dusts through 
the precipitators. In experimental work, no trouble has been experi- 
enced from the substances named but we would consider it a needless 
hazard to use the precipitators in atmospheres where there is the lightest 
possibility of encountering dangerous dust-air mixtures. 

With gases like carbon monoxide, hydrogen sulfide or vapors from 
alcohol and ether, we have obtained mild explosions in the precipitators. 
Inflammable gases or readily oxidizable suspensoids should be handled 
with caution in precipitators of any size and experiments first made in 
small apparatus at low voltages giving but little ozone and feeble coronas. 

“ L. J. Trostel and H. W. Prevert: The Lower limits of Concentration for Explo- 
sion of Dusts in Air. Chem. & Met. Eng. (1924) 30, 141, 
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SUHUABT 

The constructional details and adaptation of portable alternating- 
current precipitators to the quantitative determination of suspensoids 
such as dusts, fumes, and smokes are discussed. The distinction between 
the alternating-current method, using glass collecting electrodes, and the 
rectified-current method, using metal collecting electrodes (Cottrell 
process) is brought out. Poor results obtained in the past with small 
precipitators are attributed to failure to distinguish between conducting 
and non-conducting dusts, fumes, and smokes. A portable storage- 
battery induction-coil type of precipitator weighing 13 lb. is illustrated 
in Fig. 4. For taking samples for microscopic study, the authors’ 
method of inserting a celluloid foil in the collecting electrode and catch- 
ing the precipitate upon it is described. These foils or the entire collect- 
ing electrode can be mailed or transported without danger of disturbing 
the precipitate and representative slides made up later in the laboratory. 
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Analysis of Performance of a Coal Jig* 

By H. F. Yancey t and Thomas FBASBB,t Pittsbubgh, Pa. 

(New York Meeting, February, 1925) 

The jig may be termed the standard coal-washing machine. Al- 
though exact figures on the relative tonnages of coal treated by the various 
coal-cleaning processes are not available, it is known that a large part of 
all the coal given special cleaning treatment is handled by jigs. This 
wide use of the jig warrants a special study of its performance. 

In this paper are presented the results of an analysis of work done by 
a three-compartment jig in treating bituminous coal from the Thick 
Freeport bed in Allegheny County, Pa. Certain systems of washing 
coal require sizing before washing, while others treat unsized coal. The 
prevailing practice, however, for the preparation of coking coal from the 
more easily washed coal is to treat an unsized or natural feed of about 
— 1 in. size and smaller. Under such conditions, the minimum size of 
particle that is beneficiated has long been and is still a matter of discus- 
sion and conjecture. In a careful laboratory investigation Jiingst^ con- 
cluded that the practical limit of settling of fine coal is reached at from 
0.02 to 0.008 in. On the other hand, Hancock^ has found that single-com- 
partment jigs, used in preparing coal for the domestic market, usually 
allow most of the heavy (refuse) particles smaller than to go into 
the washed coal. He also states that it is impossible with the ordinary 
coal jig to make any noticeable improvement in the quality of the coal 
finer than 20 mesh (about Because of its importance in coal 

cleaning, the work described in this paper was undertaken for the pur- 
pose of obtaining information on this subject, as a part of the general 
coal beneficiation program being carried out by the Bureau of Mines. 

* Published with permission of Director, Bureau of Mines. Work done in codpera- 
tion with the Inland Collieries Co., the Carnegie Institute of Technology, and the 
Advisory Board of Coal Mine Operators and Engineers of Western Pennsylvania. 

t Associate Chemist, Bureau of Mines. 

t Formerly Assistant Mining Engineer, now Consulting Mining Engineer, Bureau 
of Mines. 

1 F. Jttngst: OlHckavf (1913) 50, 1321; (1914) 6. 

* David Hancock: Co<d Industry (1923) 6, 56. 




1080 


ANALYSIS OF FEBFOBICANCB OF A COAL JIO 


Plan of Wobk 

A washing test was made on approximately 150 tons of run of mine 
coal iiaing a three-compartment, double-plunger, Elmore jig equipped 
with rotary refuse draw valves operated from the jig drive. The length 
of strokes on the first compartment was 2}4 on the second Ij^ in., 
and on the third 1^ in. The jig was operated at a speed of 75 strokes 

ASHmSINK, PERCENT 



Fw. 1 . — Ash content of fioat (clean coal) and sink (refuse). 

per minute. Samples of the raw feed and of the washed coal were taken 
at regular intervals during the run, the total quantity of each collected 
amounting to approximately 1200 lb. Screening tests were made on 
both the raw and the washed coal, and a complete specific gravity 
analysis, by the float-and-sink method, was made on all the sizes. 
From these results the percentage removal of impurity was calculated 
with respect to particle size and specific gravity. 

Chabactbb of Coal Treated 

The Thick Freeport coal may be characterized as one that is difficult 
to dean both with regard to feasibility and economy. In its raw state 
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it contams only about 10 per cent, ash and consequently does not require 
cleaning for steam and domestic uses. For use in the preparation of 
blast-furnace coke, a reduction in ash by cleaning seems desirable. The 
run-of-mine coal carries considerable bone coal, having a density between 
clean coal and refuse, and only 3 to 4 per cent, of refuse material with a 
density greater than 1.7. The character of the coal treated in the 
washing trial is indicated by the shorter curve in Fig. 1, The cumula- 
tive percentage of float coal on the float-and-sink baths having the 
speciflc gravities indicated has been plotted against the cumulative 
percentage of ash. The longer curve is merely the reverse of the shorter 
and shows the percentage of ash corresponding to different yields of sink 
or refuse material. The speciflc gravity analysis was made on a sample 
of the raw coal fed to the jig. The size of the feed will be indicated 
subsequently. 


Result of Jig Trial 

The general results of the jig run are presented in Table 1; per cent, 
yield of products and per cent, ash and sulfur are given. The item 'Uoss’’ 
refers to material lost and unaccounted for during the test and not to 
washer loss or shrinkage. An exceptionally long stroke was required 
with this jig and coal in order to obtain proper stratification of the heavier 
portion of the bony coal. 


Table 1. — Results of Jig Test (Weights and Analyses on Dry Coal Basis) 



Weight 

Pounds 

Per Cent. 
Raw Coal 

Per Cent. 
Ash 

Sulfur 
Per Cent. 

Raw coal 

306,100 

100.0 

11.0 

0.79 

Washed coal (in car) 

250,900 

82.0 

7.8 

0.63 

First draw 

9,280 

3.0 

55.6 

1.45 

Second draw 

6,780 

2.2 

46.5 

1.07 

Third draw 

4,440 

1.5 

34.3 

0.99 

First hutch 

4,370 

1 1.4 

27.4 

3.72 

Second hutch 

4,440 

i 1.5 

29.0 

2.70 

Third hutch 

6,550 

1 2.1 

11.3 

0.92 

Bradford reject 

1,290 

0.4 

16.3 

0.61 

Sludge 

10,800 

3.5 

10.8 

0.61 

Loss 

7,250 

2.4 



Washed coal and sludge 

261,700 

85.5 

7.9 


Washed coal, sludge, and third hutch 

268,250 

87.6 

8.0 


Calculated ash in raw coal from products — 



11.1 


Coal (float 1.45) lost in draws 


0.6 




Speed, 75 r.p.m.; rate, 41.8 tons raw coal per hour. 


. The long stroke used gave rather loose beds, which allowed consider- 
able coal to be carried through the screens into the hutch. The loss of 
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coal in the first hutch was 0.7 per cent, of the feed, in the second hutch 
0.7 per cent., and in the third hutch 1.5 per cent. The second hutch 
product, however, was good secondary coal. The perforations in the 
screen were round holes. 

If the height of overflow on the jig compartments had been increased 
so as to maintain a heavier bed on the screens, the loss of coal in the 
hutches could doubtless have been reduced without impairing the clean- 
ing effect obtained on the finer sizes. In fact, this loss was greatly 
reduced in another trial when a denser bed was maintained by using a 
shorter and more rapid stroke, but the larger sizes were not cleaned 
so effectively. 


Screening Tests 

Screening tests were made on samples of the raw feed and washed 
coal. Roimd-hole screens were used in accordance with a standard screen 
scale for coal testing work proposed by Holbrook.* In this scale the area 
of any hole is four times that of the next smaller. The smallest screen 
has holes 3^4 in. in diameter. This screen was not available for the 
work described here so a M4-in. square-hole screen was used instead. 
The amount and ash content of each size in the raw jig feed and the 
washed coal are shown in Table 2. The size of opening through which all 
of the feed would pass is not given but a screening curve indicated that 


Table 2. — Screen Test on Raw and Washed Coal, on Dry Coal Basis 


Size, Inohes* 

Raw Coal 

Washed Coal 

Per Cent. 

Ash, 

Per Cent. 

Per Cent. 

Ash, 

Per Cent. 

Heads 


11.0 


7.8 

On 1 

14.4 

15.4 

12.8 

9.8 

1 -H 

43.8 

9.7 

44.6 

7.8 



19.1 

10.6 

21.2 

7.6 

H-H 

9.5 

10.6 

11.1 

7.0 



6.1 

9.8 

4.9 

5.5 

H6-H2 

3.6 

9.8 

2.8 

6.1 

H2-H4 

0.8 

10.2 

0.6 

5.3 

Through ^4 

3.8 

11.4 

2.1 

7.9 

Total and weighted average 

100.0 

10.8 

100.0 

7.8 

Through H 4 -hich on lOO-mesh 

63.4 

11.1 

67.6 

6.2 

Through 100-mesh 

46.6 

12.3 

32.4 

11.5 


* All screens round hole except ^4 hi., which is square. 


» P, A. Holbrook: Sprw Scale for Coal-testing Work. Coal Age (1017) 12, 395. 
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it would all pass a round hole. The run-of-mine coal was crushed 

to pass l^^-in. square hole in a Bradford breaker and then passed 
through a pair of smooth face rolls set at % inch. 

Attention is directed to the ash content of each of the sizes of washed 
coal as compared with the corresponding size of raw coal; a reduction is 
shown in every case. Even in the size passing through 3^4-in. and 
retained on the 100-mesh screen the ash content was reduced from 
11.1 to 6.2 per cent. The washed-coal sludge was not present in the 
washed-coal sample on which the screening test was made. An examina- 
tion of the sludge showed that 95 per cent, of it passed the 3^4-in. screen 
and that it contained 10.8 per cent. ash. The inclusion of the sludge 
in the washed coal would, therefore, modify the results given in Table 2, 
only on the sizes smaller than ^^^4 in. The screening tests on the raw 
and washed coal were conducted by hand, care being taken to min- 
imize breakage. 

To obtain additional information as to the minimum size of particle 
improved by treatment of a natural feed on the coal jig, the raw and 
washed coal from two other washing trials were examined. The work 
was done on the same coal and with the same jig that has already been 
described. The order of the comparative ash reduction was much the 
same, so that detailed results will not be tabulated, only the percentage 
reductions in ash being introduced here. In Table 3, column 1, the 
per cent, ash reductions calculated from Table 2 and the corresponding 
percentages of material having a specific gravity greater than 1.70 in the 
raw coal are given. Columns 2 and 3 show the results obtained in the 

Table 3. — Percentage Ash Reduction by Size in Jigging a Natural Feed 


Sise, Inches | 

j Test 1 

Test 2, 
Reduction 

Test 3, 
Reduction 

Reduction 

Sink 1.70 

Sp. Gr. 

On 1 

36.4 

6.3 

19.8 

35.6 

l-H 

19.6 

2.7 

16.3 

23.9 

K-K 

28,6 

3.8 

23.5 

26.6 



33.9 

4.8 

28.0 

27.3 

U-Ug 

44.7 

5.3 

43.6 

47.4 

✓ 0 D 

M 6 -H 2 • 

47.9 

5.6 

51.6 

55.9 

ha-H* 

48.0 

5.9 

55.6 

58.0 

H 4-100 mesh 

44.3 



45.7 

100 mesh-0 

6.5 



26.1 

H4~0 

30.7 

10.3 

33.1 

27.1 


two other trials. The data given in this table indicate that for this 
particular coal and operation the three-compartment coal jig working on 
a 134-in. natural feed is effective in cleaning particles down to 344- 
in. (square) and quite probably to smaller sizes as well. The figures 
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in column 1 show that, in general, the reduction in ash content is pro- 
portional to the amount of impurities present. 

Relation of Size and Specific Gravity of Particles to Removal 

The introduction of the factor of specific gravity, in addition to size 
of particle, required the separation of each of the sizes of raw and washed 
coal into fractions of material according to specific gravity. A complete 
specific gravity analysis was made of each size of raw and washed coal. 
Aqueous solutions of zinc chloride were used in separating the sizes larger 
than and mixtures of carbon tetrachloride, benzene, and bromo- 

form for the J^ 4 -in. to 200-mesh sizes.^ The —200-mesh dust was not 
treated. The results of this work are shown in Table 4. Using these 
figures, the percentage of elimination of impurity from the washed coal 
was calculated for each size and specific gravity class, correction being 
made for the decreased weight of the washed coal as compared with the 
raw coal. The results are presented graphically in Fig. 2. The percent- 
age elimination or percentage removal of impurity is plotted against size 
of particle for several specific gravity classes. 

I Hancock^ considers this method one of the best for expressing the 
eflScacy of the washing operation, but the use of such a method requires 
so much work that probably it will not be employed in routine washing 
control. However, an investigation of this kind, suflSciently extensive 
to give conclusive results, furnishes some fundamental data on jig 
performance that are more or less applicable in any operation. It shows 
how wide a range of sizes can be effectively treated in one operation. 
The eflSciency of impurity removal may be expected to vary in a measure 
with the nature of the coal and the separation attempted. The separa- 
tion obtained in the very fine sizes will, furthermore, depend on the 
upper range of sizes included, assuming the jig to be adjusted primarily 
to suit the bulk of the material. 

Hancock^ presents a set of curves, like those shown in Fig. 2 but 
representing jig performance on a 0 to 3-in. feed, that show very poor 
impurity removal even of particles heavier than 1.80 specific gravity in 
the sizes below K hi- This striking difference from the results presented 
in this paper is attributable to the much wider range of sizes that he 
attempted to treat, probably with the jig adjusted primarily to handle 
the larger sizes. 

Results such as are indicated by Fig. 2, therefore, may be expected 
only when treating a size range of 0 to 134 iii- or less. However, this is 

^ B. M. Bird and H. E. Messmore: Reports of Investigations, Bur. of Mines, Serial 
2586,. (1924). 

• David Hancock: Discussion of paper by T. Fraser and H. F. Yancey, Trant. 
(1923) 69 , 476. 

* Cod Industry (1923) 6, 56. 
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a comparatively wide range — as great as is commonly attempted in the 
preparation of coal for coking. The percentage removal of impurity, 
as plotted in the graphs, expresses the efficiency of impurity removal in a 
restricted sense only, as it does not evaluate any loss of coal to refuse dur- 
ing the jigging operation. As an indication of efficiency, it is qualitative 
rather than quantitative. At first glance, the course of the graphs may 
appear so irregular and erratic as to preclude the formulation of any 
general statements, but closer examination will indicate that a number 
of important conclusions can be reached as a result of this analysis of 
jig performances. 



Fia. 2 . — Relation of fabticle size and specific qbavitt to bemotal by 

COAL JIG. 

In the first place, the efficiency of removal of impurity becomes more 
irregular with the decrease in the specific gravity of the impurity; this is 
to be expected, because there is a decrease in settling ratio. At the lower 
specific gravities, the graphs are more or less similar in shape and direc- 
tion. Smooth and fairly regular curves may be drawn through the 
points representing the removal of material heavier than 1.80 in specific 
gravity and through those representing removal of the 1.70 to 1.80 
specific gravity fraction. All the graphs show a rather marked decrease 
in removal of impurities on the size between 1 and H hi*') this size makes 
up 44 per cent, of the total feed to the jig; more than any other size. 
Below H in., for the lower specific gravities, there is a sharp increase in 
impurity removal; this increase in efficiency continues until the ^ 4 -in. 
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size is reached and may be due to the fact that the jig screens have ^-in. 
perforations, at which size two means of egress of impurity become 
available — ^the draw valve and the jig screen. 

These apparently anomalous results — showing a better separation of 
the fine particles below ^ in. in size than of the 1 to ^ in. size — ^is further 
explained by the fact that the fine material contains much the larger 
percentage of impurities available for removal. The 1 to 3^ in. fraction, 
while making up a very large part of the feed contains less dirt than any 
other size. It has been pointed out in a previous paper^ that the apparent 
effect in a coal>cleaning machine is to reduce the percentage of free 
impurity of high specific gravity to a given minimum amount that is 
more or less independent of the amount originally present in the raw 
feed. The results of the present work corroborate this earlier conclusion. 
The fine material between 3^4 and in. in size and the larger material 
of 1 to in. in size tend to reduce to approximately the same content 
of residual free impurities, and, consequently, the fines, being much 
dirtier to start with, show a greater percentage removal of impurities. 

Conclusions 

A careful examination has been made of the relation between the 
size and specific gravity of impurities in relation to their removal by the 
coal jig. 

This study of jig operation shows that when properly adjusted a three- 
compartment jig will effectively remove free dirt from an unsized feed 
ranging from 0 to 134 inches. 

When adjusted to work most satisfactorily on such a feed, the jig 
used for these experiments draws down some good coal with the fine 
refuse into the hutches. Considering the bony character of the raw coal, 
the total loss of coal in the rejects is not excessive in comparison with 
jig performance under like conditions at other washeries that the writers 
have studied. The advantages of separate treatment of the fine coal 
would be a slightly increased yield due to recovery of some of the fine 
coal lost in the jig hutches. This could be accomplished by retreatment 
of the hutch products on coal-washing tables. By sacrificing some fine 
coal, the jig can be successfully used to clean coal as fine as 3^4 inch. 


» Trarw. (1923) 69 , 462. 
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Coal Washing Practice in Alabama 

Bt H. S. Geisboib, Bibminqham, Ala. 

(Birminsham Meeting, October, 1024) 

Campbell,^ in 1896 said: “The Birmingham district in Alabama 
has certain great advantages for there are few places in the world where 
fuel and ore are so near together, although, unfortunately, both are of 
inferior quality; the ore being low in iron and high in phosphorus and the 
coal giving a weak and impure coke.” 

This statement could not have been questioned in 1894, but by 1896 
several Robinson-Ramsay washers had been put into operation and 
weak and impure coke was a thing of the past. 

The Warrior coal field of Alabama contains six seams that yield coking 
coal of excellent quality. In descending order, they are Brookwood, 
Milldale, Pratt, America, Mary Lee, and Black Creek. In each of these, 
however, bands of rock and bone coal of varying thickness are stratified 
with the coal; and while some of these impurities can be separated from 
the coal by the miner, much of it must be loaded out with the coal. 
Consequently, unless the coal is washed before being coked, it will yield 
a coke of varying ash and sulfur content quite unsatisfactory for blast- 
furnace use. At present, the Gulf States Steel Co. is producing nm-of- 
mine coal at its Virginia mine, from the America seam, that is uniformly 
low enough in ash to permit of coking without washing, but this is the 
only exception to the above statement. 

Alabama was the first state to experiment seriously with coal washers, 
was the first to install washers on a large scale and, up to the present, 
has maintained the lead. The Alabama State Mine Inspector reports that 
during 1923 20,919,303 tons of bituminous coal was mined in Alabama; 
12,858,499 tons of which was delivered to coal washers for treatment. 

^ Harry Huse Campbell: The Manufacture and Properties of Structural Steel, 19. 
The Scientific Publishing Co., New York. 
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Just now two new systems of coal cleaning are attracting attention in 
the United States; i. e., the air or dry-cleaning process and the Chance 
sand-liquid method. Neither of these has been tested in Alabama but 
with these two exceptions all the methods used for cleaning bituminous 
coal have been largely brought to perfection in this state. 

History op Coal Washing in Alabama 

The first attempt at coal washing in Alabama was in 1890, when an 
experimental Luhrig jig was built at the Birmingham City furnace plant 
of the Sloss company. A few years later, a Stein washer was built at 
Brookwood. In 1894, Erskine Ramsay, chief engineer of the Tennessee 
Coal, Iron & Railroad Co., experimented with a Robinson washer (an 
English invention) adding to it a sludge tank of his own design. Within 
the next few years, a number of these plants were built and the Robinson- 
Ramsay washer, as it came to be known, revolutionized coal preparation 
in Alabama. 

In 1900, Ellwood Stewart, the inventor of the jig that now bears his 
name, erected a washing plant at Brookwood; the results obtained were so 
satisfactory that within two years this type of jig became the standard in 
the state and no more Robinson-Ramsay washers were built. There 
was not a great deal of difference in the results obtained with these two 
types of washers, but the Stewart jig had a much larger capacity on the 
basis of first cost and floor space and required much less water. At 
present, there are no Robinson-Ramsay washers in operation in Alabama 
but there are several of the original Stewart washers. 

In recent years, practically all of the plants designed to produce coking 
foal have used two- and three-compartment jigs, mostly of the Elmore 
type, while the companies producing washed coal for commercial purposes 
cavor single-compartment jigs; the Montgomery, Stewart, and Elmore 
jigs predominating in that field. It is not the purpose of this paper to 
discuss the design or merits of the various jigs but experience with Ala- 
bama coals has demonstrated that there is little difference in the quality 
of the washed coal produced on the different jigs if they are intelligently 
operated; there is, however, a wide variation in the amount of water 
required and the percentage of coal lost in the refuse. 

The Sludge Problem 

When the first washers were built in Alabama, coal costs were low and 
the land surrounding the mines was owned principally by the operating 
companies. All fine coal was considered a necessary part of the sludge, 
and was allowed to find its way to the nearest stream, down which it 
traveled or lodged along the banks. Increasing coal costs made it advis- 

▼oifc Moa.— 69 
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able to recover the fines and damage suits, instituted by the farmers upon 
whose lands the sludge was deposited, made it necessary to keep the 
sludge at the plant. This brought up the first problem in connection 
with coal washing. 

The first attempt at a solution of the problem was the construction of 
settling ponds or basins. The sludge was allowed to settle in a pond 
until the pond was nearly filled, when the sludge stream was diverted to 
another pond and the fines from the first pond were recovered, by wheel- 
barrows or mules and scrapers, and used for boiler fuel. This method 
has long since been abandoned. 

At present, three methods are used for recovering the fine coal from 
the sludge and for clarifying the sludge-carrying water: 

1. Long settling or clearing tanks with slowly moving conveyors drag- 
ging (to the discharge end) the fines that settle along the bottom. This is 
the most common method, but where large capacities are treated it often 
requires all night operation of the conveyor, at conraderable expense, to 
recover the fines that have accumulated during an 8-hr. shift, and several 
carloads of wet fine coal are delivered to the washed-coal bin to mix with 
the regular washed product of the previous day’s operation. If the bin 
is large, this is not particularly objectionable as the fine coal is distributed 
over a large area; but where the bin is not large, this fine coal may lodge 
almost as a solid mass in one part of the bin and from there find its way 
intact into coal cars; holding a mass of this coal in a railroad car is some 
problem. 

2. Pumping all the overflow water from the washed-coal settling 
tank (this water contains all the sludge) to an elevated conical tank. 
The water is recovered from the top of the tank and flows back to the 
sump where the main circulating-pump suction is placed. The fine coal 
and the fine impurities are drawn off at regular intervals from the bottom 
of the tank and carried, by a conveyor, to the top of the washed-coal bin. 
This method was perfected by Robert Hamilton, consulting engineer of 
the Tennessee Coal, Iron, & Railroad Co., and is used at all the washing 
plants of that company. The Woodward Iron Co. has also adopted this 
method. The conical tank is far superior to the long horizontal tank, 
inasmuch as it does away with the expensive conveyor and there is 
nothing connected with it to get out of order. Frequent shutdowns of 
the entire plant may follow breaks in the chain where drag conveyors 
are used. 

3. To date, two installations of Dorr thickeners are to be found in 
Alabama; one is at the Palos plant of the Republic Iron & Steel Co., 
where coking coal is produced, and the second is at the No. 2 Overton 
plant of the Alabama Fuel & Iron Co., which produces steam coal. The 
fines recovered by the Dorr thickener at Overton have no commercial 
value, as they run high in rash and fireclay, but the washing plant is located 
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near a large river and it was considered advisable to prevent the sludge 
being carried to the river with the waste water. 

The Dorr thickener is too well known to require a description; it 
delivers practically clear water back to the circulating system and is 
under complete control at all times. The elevated conical tanks used by 
the Tennessee company, however, seem to remove enough of the fines 
to allow the water to be used over and over again; the first cost of the 
tanks is much less and they reduce the size of the plant considerably in 
comparison with the plant using Dorr thickeners. 

In many localities, a distinction is made between fine coal and sludge 
but this is not the case in Alabama. At all the Alabama operations 
where coking coal is produced, the sludge consists of water, pm^ fine coal, 
and fine impurities, but the percentage of impurities is not large and it is 
not necessary or profitable to attempt to separate them from the fine coal. 
At some of the operations in the non-coking fields, the sludge contains a 
large percentage of rash and fireclay; in that case, the material passing 
20-mesh is worthless and no attempt is made to recover it. This is the 
case at the Overton plant. 

It has always been assumed by coal-mine operators and owners of farm 
lands that the waste water from coal washers was injurious to farm lands 
because of the fine coal and sulfur that it carried in suspension. During 
the latter part of 1923, tests were carried on by the Agronomy Depart- 
ment of the Alabama Experiment Station to determine the effect of water 
from coal washers on farm lands along Lost Creek. These experiments 
were undertaken at the request of the Galloway Coal Co., which has a 
washer discharging water into Lost Creek and which at times overfiows 
the land along this creek. The conclusions arrived at were as follows: 

1. Corn in cultures of Lost Creek soil made just as good growth when 
watered with Lost Creek or washer water as when watered with distilled 
water. 

2. The addition of varying amounts of sludge from the coal washer at 
Mine No. 15 of the Galloway Coal Co. had little or no influence on the 
growth of com on soil collected along Lost Creek. 

3. Acid phosphate applied at a rate of 600 lb. per acre more than 
doubled the growth of corn on Lost Creek soil cultures, the same treat- 
ment producing only a small increase on the soil from the Experiment 
Station farm. 

4. Water from Lost Creek or from the coal washer at Mine No. 15 
of the Galloway Coal Co., is not toxic to com or velvet beans in water 
cultures. 

5. Neither of these waters contain anything that would injure the 
growth of com on lands flooded by Lost Creek. 

Of course, one would not be justified in assuming that these conclu- 
sions hold for all coal washers on all soils in the United States, but we can 
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assume that most of the conclusions covering the destructiveness of waste 
water from coal washers have been without foundation. A complete 
report of these tests was published in the Dixie Manufadurer of Dec. 
10, 1923. 


Size op Coal Delivered to the Jigs 

There is considerable variation in different states as to the size of 
coal delivered to jigs and the method of reducing the run-of-mine coal to 
the sizes required. In Alabama, the different plants have pretty well 
adopted one standard. Plants producing steam or commercial coal 
almost invariably screen all the coal as it comes from the mine and wash 
only the coal that passes through the perforations on the screen. Gen- 
erally the perforations are 2 in. but occasionally 3-in. perforations are 
found. Such plants do not require crushers. To meet the growing 
demand for stoker coal, undoubtedly, in the near future some of the 
commercial mines may decide to crush all their coal and sell the entire 
output as crushed washed coal. Plants producing coking coal almost 
invariably crush and wash their entire output; at two large modern plants 
however, they screen the coal as it comes from the crushers and bypass 
the fines, washing only the balance of the product. 

Double two-roll crushers have been generally used for the crushing. 
Several hammer crushers were installed in the early days but they pro- 
duced too large a percentage of fines and complicated the sludge problem. 
Of late years, Bradford breakers have been installed at most of the large 
operations to replace crushers. At one plant in particular, the Flat Top 
washer of the Sloss-SheflBield Steel & Iron Co., one of these machines has 
entirely replaced crushers and has increased considerably the capacity 
of the washer, as the breaker serves as a preparatory cleaner and relieves 
the jigs of some of their work. 

At the mines where the entire output of coal is washed, the coal is 
generally crushed to pass through. a ^^-in. ring; this size gives excellent 
results on plunger jigs of the Elmore or Faust type. With the Stewart 
and Montgomery jigs, the size of the coal treated has little bearing on the 
quality of the washed coal produced; in fact, a feed of mixed sizes, from 

in. down, gives excellent results. Sizing before jigging as an aid to 
washing is not attempted at any plant in Alabama; sizing the coal to 
permit of bypassing the fines has quite a different object. 

Chemists at Washing Plants 

Because of the large percentage of slate and bone coal found in most 
of the Alabama coals, officials in charge of properties producing washed 
coal for coking purposes early realized the necessity of placing chemists 



H. S. GEISMER 


1093 


at the coal washers to keep accurate record on the results obtained. It 
was soon found that these chemists were not only able to improve the 
quality of the washed coal produced and to keep the product uniform but 
they were able to reduce the cost considerably. Their tests showed whether 
an excessive amount of coal was being lost in the refuse (an excessive 
amount of coal in the refuse always indicated something wrong with one 
or more of the jigs) as this condition was quickly noticed, it could be 
remedied before a large loss resulted. For example: If the revolving 
valve in an Elmore jig should break, considerable good coal might pass 
off with the refuse without the operator being aware of this loss, unless 
he was watching the refuse very closely. With a chemist taking samples 
of this refuse several times daily, the loss is quickly discovered and the 
necessary repairs promptly made. Running a modern coal washer 
without a chemist would be like running a modern power plant without 
recording gages. 

After a coal washer has been put into operation, the first point to 
determine is the ideal analysis for the washed coal to be produced. This 
sounds easy but it is often a complicated problem and is one that only a 
chemist can solve. If the plant is to produce commercial coal, a certain 
analysis for the washed coal has probably been guaranteed and the 
washer must meet this requirement. This is generally a simple matter, 
as the chemist is concerned with only one criterion. But if the plant is 
to produce coking coal, several requirements must be met. Up to a 
certain point, the ash content of washed coal has little effect on the coal 
content of the washer refuse, but when that point is passed any improve- 
ment in the ash content of the washed coal is quickly reflected in the 
washer loss. It then beomes a question as to whether the reduced pig- 
iron cost resulting from lower ash coke will more than offset the higher 
cost of washed coal. If the coal mine and blast furnace are owned by the 
same company, an endless argument between the two departments is 
inevitable, but the company chemist alone has the correct answer. 


Construction Material for Coal Washers 

In the early days, all buildings around coal mines were constructed 
of wood and the first coal washers were made of the same material. 
Gradually steel and concrete replaced wood for all mine buildings includ- 
ing coal washers. There is much difference of opinion as to whether 
concrete, cast iron, or structural steel is best suited for jig tanks and all 
three have their advocates. Steel plates are not satisfactory if the water 
being circulated in the jigs is corrosive; but if the circulating water is not 
corrosive fairly heavy plates have been found satisfactory. In the 
modern plants fireproof construction is used throughout. 
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Data Coybbimo Rbpbesbntativb Plants 

The four large iron-producing companies of the Birmingham district 
have done much experimenting with coal washers and data covering one 
washing plant of each company have been furnished. 

Woodward Iron Co. Coal Washer, at Woodward Byprodrict Plant 

This plant handles Pratt seam coal from the company’s mines at 
Dolomite and Mulga. The flow sheet, Fig. 1, shows that all the raw 
coal goes through Bradford breakers and the material rejected by the 
breakers is carried to the refuse bin. The material passing the breaker 
perforations is delivered to a battery of Hummer screens. The material 
passing through the screens (Ke by H slots) bypasses the jigs and is 
taken directly to the washed-coal conveyor. Approximately 30 per cent, 
of the total run-of-mine coal is bypassed in this manner. The jig plant 
consists of four three-cell Faust jigs. Although the primary jigs are of 
the three-compartment type, a secondary product is not produced, the 
refuse from the third cells and the third hutches is handled in a battery 
of rewash jigs and the resulting washed product goes to the primary 
washed-coal bin. Two cone settling tanks are installed at this plant. As 
this plant is located within a few hundred feet of the byproduct ovens, 
the coal is dewatered in three Elmore dryers; it has been found that one 
of the dryers handles approximately 70 per cent, of the total washed-coal 
produced. 

The following figures have been furnished by the operating depart- 
ment of the Woodward Iron Co.: 



Volatfle 

Matter, 

Per Cect. 

Fixed 

Carbon, 

Per Cent. 

Ash, 

Per Cent. 

Raw coal (coal sent to Bradford breakers) . . . 

26.77 

63.52 

9.91 

Bypass coal (coal from breakers passing 




through Ke slot, going to coal 




bin without washing) 

28.03 

66.43 

5.54 

Coal to jigs (coal from breaker remaining 




on ^6 l>y H in. screen) 

25.96 

62.15 

11.89 

Coal from jigs (average from 4 Faust jigs 




for year ending May 1, 1924) 



5.52 

Coal from rewash jigs (average for year 




ending May 1, 1924) 



9.46 

Washed coal (a mixture from all jigs and 




bypass coal) 

27.96 

66.05 

6.00 


Refuse for the year, ending May 1, 1924, contained 3.21 per cent, 
float; the ash in the float was 6.58 per cent. The specific gravity of coal 
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is taken as 1.37. The screen test on coal from elevators (coal from all 


jigs) is 

On 0 . 747-in. opening 5.9 per cent. 

On 0.525-in. opening 8.3 per cent. 

On 0.263-in. opening 24.5 per cent. 

On 0.093-in. opening 71.9 per cent. 

Through 0.093-in. opening 28.1 per cent. 


. The amount of water kept in circulation, per ton of coal washed, is 
approximately 950 gal. ; amount of makeup water added, per ton of coal 
washed, is approximately 41 gal. 

Risco Plant of Republic Iron & Steel Co, 

This plant handles Mary Lee seam coal from the company’s Risco 
mine. The plant consists of three two-compartment jigs of a modified 
Elmore type, having Elmore type revolving valves but specially designed 
plungers. The jigs are constructed of cast iron and cast steel throughout ; 
each has a normal raw coal capacity of 70 tons per hour. 

This plant has more elaborate equipment for the preparation of the 
coal back of the jigs than any plant in the district. The flow sheet, 
Fig. 2, shows two rotary dumps. The rotary dump on the right is used 
only when it is desired to inspect the contents of a mine car, to see if the 
miners are loading dirty coal. Ordinarily the entire output goes through 
the rotary dump on the left. From this dump, the coal is fed to a Marcus 
screen by a reciprocating feeder. The fines from the Marcus screen, 
passing through 1-in. perforations, are carried directly to the main belt 
conveyor; the balance of the product goes through a large single-roll 
crusher, then through a double-roll crusher and on to a shaking screen 
having 1-in. perforations. All coal passing the 1-in. perforations is 
conveyed by a belt to a set of short-stroke quick-acting screens having 
perforations and the material passing through the per- 

forations can be made to bypass the jigs; the balance of the material is 
delivered to the jigs. 

The upper left-hand corner of the flow sheet shows that provision 
has been made for loading the entire output without washing; in that 
event, by manipulating the valves on the Marcus screen, any of the 
following grades can be produced; Lump coal, nut coal, lump and nut' 
mixed, run-of-mine. 

The circulating water overflowing the settling tank, carrying in 
suspension a large amount of fine coal, is pumped to a 70-ft. Dorr 
thickener, set at an elevation above the jigs on near-by high ground. 
Two of these thickeners have been installed, the extra one to be used as 
output increases; this was the second Dorr installation to be made in 
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Fig. 2. — Flow sheet, Risco coal-washing plant op Republic Iron & Steel Co. 
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connection with coal washers, the first installation being at a mine in 
New Mexico. The clarified water from the Dorrs returns to the jigs 
by gravity. This feed water to the jigs is, by special arrangement of 
piping, fed either to the top or imdemeath the plungers or to both places, 
as best practice requires. The recovery of fine coal from the Dorr, con- 
sisting of 50 per cent, solids or coal/ind 50 per cent, water, is sluiced to the 
main washed-coal conveyor thence to washed-coal railroad bin. The 
Dorr recovery, being 50 per cent, water, falls on the coarse washed coal, 
the water filtering to the bottom of the washed-coal drag conveyor, in 
the trough of which are three sections of thin copper plate perforated with 
fine slotted perforations which allows all water free of coal to return to 
the settling tank. 

The operating officials of the Republic Iron & Steel Co. have fur- 
nished the following information. 

Due to the fact that the output of Blsco mine has not been up to full capacity 
of the present jig equipment, rewash tables have not been installed and no thorough 
test of washer efficiency has been made. However, the following tests from our 
operation show approximate results obtained from tests made on reduced capacity. 
Adopting 1.35 as the specific gravity of pure coal, the percentage of coal and impriri- 
ties in the product going to the washer are as follows: 

Flotation Test of Run-of-minb Cbushed Coal with Analysis 

CUkBS, Amount, Ash Contbmt, 

Sracinq Gbayitt Phb Cbnt. Pbb Cbnt. 


Pure coal 1.35 ‘ 78.7 7.28 

Impure coal 1.35-1.40 4.7 14.19 

Impure coal 1.40-1.45 4.3 18.24 

Impure coal 1.45-1.50 2.4 22.13 

Impure coal 1.50-1.55 1.2 28.51 

Impure coal 1.55-1.75 1.5 35.85 

Impure coal 1.75 and over 7.2 72.14 


The average analysis of run-of-mine crushed coal is: Volatile matter, 
27.75 per cent.; fixed carbon, 55.50 per cent.; ash, 16.75 per cent.; sulfur, 
0.90 per cent. 

Average quantities, by sizing test, is as follows: 




Per Cent. Float at 

Per Cent. 

Sise 

Per 

Cent. 

1.35 

Spedfio 

Gravity 

1.85-1.45 

Spedfio 

Gnivity 

1.45-1.55 

Spedfio 

Gravity 

1.55-1.75 

Spedfio 

Gravity 

Sink at 

1 1.75 

Spedfio 
Gravity 

1 m.-Ji in 

18.8 

60.7 

12.6 

3.9 

3.3 

18.9 



45.1 

79.0 

9.9 

3.9 

2.6 

4.6 

Jie m.-20 mesh 

27.0 

1 89.5 

3.5 

1.9 

1.6 

3.5 

Throiigh 20 mesh 

9.1 

89.6 



10.4 


Whole sample 

loq.o 

1 79.r 

7.8 

3.0 

8.2 

6.3 
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The average analyBis of the washed product is: Volatile matter 28.50 per eent.| 
fixed carbon 62.25 per cent., ash 0.25 per cent., sulfur 0.80 per cent. 

Loss of coal of 1.40 sp. gr. in refuse, averages about 1.4 per cent. This 
can be materially reduced by rewashing the crushed bone coal on tables, as contem- 
plated in the original plans of the plant. Total washer loss is 8.5 per cent, to 9.5 
per cent, refuse. 

Since this plant has been in operation, the mine has been producing coal largely 
from narrow work. Machine cutting on the narrow work on the bottom increases 
the amount of impurities in the fines, therefore, there has been no opportunity to by- 
pass the coal without washing and it is not possible to say if this plan will be 

feasible when a larger amount of coal is received from the mine. However, in the 
design of the plant it was arranged that should the Ke-bi- co&l be too high in ash, this 
product, together with the recrushed bone coal from the second-compartment jig, will 
be washed over tables. This should insure almost a 100 per cent, recovery of coal in 
this washery. 

By using the Dorr thickeners, all fines from 60 to 200 mesh are removed auto- 
matically from the circulating water. Tests made in another plant show that return 
water from the Dorrs carried only 0.15 per cent, solids, the same water going to the 
Dorrs carrying 6 to 8 per cent, solids. The ash in the final product, using the tables 
to be installed, should be reduced to 8 or 8.25 per cent., as against a theoretical 7.28 
per cent, ash at 1.35 sp. gr. 

Water circulated per jig is approximately 1300 gal. per min., the capacity per jig is 
70 tons per hour. Feed water added to the plant is equivalent to the amount moisture 
loaded in the coal, that is, about 10 per cent, when the draining conveyor is not 
operating; this is equivalent to approximately 25 gal. per ton of coal washed. When 
the draining conveyor is operating, there is practically no water lost at the plant as 
coal is loaded out to approximately 8 per cent, moisture. 

Analysis of the recovery from the Dorr thickeners averages approximately 1 per 
cent, higher than the ultimate washed-coal product; and amount recovered is approxi- 
mately 5 per cent., by weight, of amount water circulated continuously. By opera- 
tion of the Dorrs, no fines are pumped back into the jigs or under the plungers to be 
carried out in the slate or hutch draws and the circulating water is kept free of a 
cumbersome load of fines that, without the Dorr, build up to 11.3 per cent., by weight, 
of the water circulated. 

Sloss-Sheffield Steel & Iron Co. Washing Plants at Flat Top Mine 

The Flat Top mine produces Mary Lee seam coal and the entire 
output of the mine is crushed and washed. The plant contained, origi- 
nally, crushing rolls and six two-compartment double-plunger jigs made 
by .^erican Coal Washer Co. They are modified Faust type jigs having 
the driving mechanism located below the jigs. 

For several years, previous to 1921, the average yearly run-of-mine out- 
put was 408,716 tons and the washed-coal produced averaged 9.88 per cent, 
in ash; the refuse from the washer contained 8 per cent, good coal. In 
1921, it became necessary to increase the capacity of the mine; but 
neither the crushing plant nor the jigs could handle an increased 
output satisfactorily. 

A Bradford breaker was installed and the two-compartment jigs 
were converted into single-compartment jigs of double length. For 
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1922 and 1923, the average output of the mine was increased to 604,346 
tons. The ash content of the washed coal averaged 9.11 per cent., and 
the loss of coal in the washer refuse ran 9.1 per cent. Unfortunately, 
the changes were made simultaneously and it is not possible to determine 
just how much of this increased capacity resulted from the installation 
of the Bradford breaker and how much from the change in the jigs, but 
the company's engineers are satisfied that the change in design of jig 
has increased its capacity. 

With the six jigs as originally installed, five jigs were used for primary 
washing and the sixth jig was used to rewash the slate and hutch from 
the last compartments of the five jigs. Under the new arrangement, all 
six jigs are used as primary jigs, as no rewashing is necessary. 



Tennessee Coal, Iron & Railroad Co. Washer, at Bayview Mine 

This plant handles only Pratt seam coal from the Bayview mine. 
The plant contains three three-compartment Elmore jigs; a flow sheet 
is shown in Fig. 3. The run-of-mine coal is first taken to a Bradford 
breaker, where the coal passing through the breaker screen has been 
crushed to in. and under, and is then delivered to the jigs. In normal 
operation all the sludge is carried to the top of this tank. 

If any delays occur, such as might be caused by the breaking of an 
elevator or a main supply water line, all the circulating water from the 
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washing plant is immediately drained to a sump in the ground just in 
front of the cone sludge tank. When the plant is ready to resume opera- 
tionSi this water is elevated into the sludge tank and operations are begun. 
This sump is necessary because all the drainage from this washing plant 
finds its way to the main water supply of the company’s furnace and steel 
plant at Ensley, so every precaution has been taken to prevent impurities 
reaching this supply. In a four-day test, it was found that the fine coal 
carried off by waste water from this washer amounted to only 8.7 lb. 
per 1000 tons washed coal produced. 

The flow sheet shows that provision has been made for loading lump 
coal but under normal conditions all of the coal is treated in the washer. 

Considering the tonnage produced and the quality of the product one 
cannot fail to be impressed by the small size of this washing plant. This 
is partly because rewash jigs and tables are not used. The product 
coming from the last refuse valve on each jig is high in ash but it makes 
a satisfactory boiler coal so the company has found it cheaper to use this 
at its boilers (it is only equivalent to 6.53 per cent, of the total raw coal) 
than to install the necessary rewash jigs or tables. 

Not all of the washers delivering coal for coking purposes produce boiler 
coal but none of them, in Alabama, are using tables at the present time. 
Several commercial mines have recently installed tables at their washing 
plants. 

For the year 1923 the following results were obtained at this plant; 
the data were furnished by the engineering department of the company. 



Pbb Cbnt. 

Tons 

Tons 

Raw coal delivered to washer 



494,733 

Washed coal to coking ovens, 1.37 sp.gr 

82.05 

405,931 


Boiler coal to steam plants, 1.37-1.56 sp. gr. 
Refuse over 1.56 sp. gr., 11.42-^5.4 per cent. 

6.53 

32,295 


float 

10.81 

53,489 


Washer loss, float at 1.36 sp. gr. in refuse — 

0.61 

3,018 



100.00 


494,733 

Number of 9-hr. turns in operation 



. 566 

Tons of raw coal per turn 



. 874 

Proximate Analysis 



VOLATILB 

Mattsb* 

Coal Pbb Cbnt. 

Feud 
Cabbok, 
Pub Cbnt. 

Ash, 

Pbb Cbnt 

Sulfttb, 
Pbb Cbnt 

Raw coal 26.42 

61.14 

12.44 

1.76 

Washed coal 28.18 

67.06 

4.76 

1.30 

Boiler coal 25.45 

59.73 

14.82 

2.25 

Refuse float (5.4 per cent.) 


5.19 

1.49 

Sink (94.6 per cent.) 


62.81 

4.74 



1102 


COAL WASHINO PSACTICB IN ALABAMA 


SiKiNa Tssts 


Raw eoal Over ^ in. 9 per cent. Note per cent. 

Washed coal Over H hi. 19 per cent, of sues is very 

Boiler coal Over H in* 20 per cent, variable. 

Refuse float (5.4 per cent.) Over ^ in. 14 per cent. 

Sink (94.6 per cent.) Under ^ in. 42 per cent; ash 7.3 per cent. 


Inherent ash in coal at 1.37 sp.gr 4.2 per cent. 

Inherent moisture in coal 3.2 percent. 

Washer efficiency: separation 88.23 per cent. 

recovery 99.39 per cent. 

Total efficiency 87.69 per cent. 


Water in circulation, 600 gal. per ton of coal washed per shift; 
approximately 970 gal. per min. 

Water loss 27 gal. per ton of coal washed. 

Average power used 1.24 kw.-hr. per ton washed coal. 


DISCUSSION 

William Kelly, Iron Mountain, Mich. — Is the dry-cleaning 
method used? 

H. S. Geismeb. — Neither the dry-cleaning process nor the Chance 
sand-liquid method has been tested in Alabama; but all other 
methods used for cleaning bituminous coal have been largely brought to 
perfection in this state. 

H. D. Pallister, Tuscaloosa, Ala. — ^Have you the results from the 
recent work on the tables with reference to fine coal? 

H. S. Geismeb. — None of the iron-producing companies has adopted 
the tables, though three commercial operators have installed tables 
within the last six months. I tried to learn the results, but they were 
not willing to release the data just now. At the mines producing domes- 
tic coal, fines present a difficult problem; until within the past six 
months all the fine coal was wasted. The operators are trying to recover 
some of it on the table. 

L. E. Bbtant, Rockwood, Term. — Is there any coimection between 
the sulfur content of the sludge and the effect of the sludge on vegetation? 

Milton H. Fies, Birmingham, Ala. — The sulfur content is very 
light. The sulfur was not found to be objectionable when the experi- 
ments were made at Auburn, with soil that had been contaminated with 
washer sludge. As a matter of fact, the growth of plants planted in 
water taken from the watershed affected was much better than the 
growth of plants planted in distilled water. I think it was proved that 
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the water from the particular washer in question had some food value as 
compared with distilled water. The sulfur in this coal runs very low. 

H. S. Qbismeb. — Occasionally the sulfur in the Pratt coal goes as high 
as 1.75 per cent.; that is above the average of sulfur content in the coals 
of this state. 

L. E. Bbtant. — Probably for 40 years they have been washing what 
is called Sewanee (sometimes called Nelson) coal; this coal is low in sulfur. 
No provision is made for putting the sludge in a basin, so it flows off for 
perhaps 15 miles and deposits on the river bottoms. During the first 
year or two several suits were brought against the company, which began 
to buy some of the farms. Recently it has been found that the little 
lumps of coal, when the coal is low in sulfur, increase the porosity of the 
soil, giving it a chance to make plant food; the crops are not affected at 
aU. In western Kentucky, where the sulfur is almost equal in heat value 
to the carbon, the sludge is not beneficial to the soil. I wonder if it was 
not the sulfiu* that caused the trouble rather than the sludge. 

H. S. Geismeb. — Perhaps some chemist could help us on that proposi- 
tion? Sulfur in the form in which it exists in coal (largely sulfide of 
iron) is insoluble and, therefore, would do no damage. It is only when 
the sulfide oxidizes to sulfuric acid that damage is done. Oxidation 
takes place when coal is stacked or piled and when the sulfuric acid 
reaches the streams, it causes many troubles. I do not know, though, 
whether the coal in fine particles in the soil would oxidize, as it would not 
be subjected to the heat generated in the large pUes. 

Elmeb F. Habbis, University, Ala. — The carbon of coal is soft and the 
oxidation would be very low. If the refuse content is increased, naturally 
it would facilitate the oxidation of the coal. The fine coal, when depos- 
ited on the land, would necessarily have to be there for many years; 
whether it had food value for plants would not be the only thing that 
would be considered. 

Jaues a. Babb, Mt. Pleasant, Tenn. — Sulfur is one of the needed 
constituents of fertilizer in California. It is present in the form of gyp- 
sum or calcium sulfate. On the alkali lands it is very valuable. 

L. E. Bybant. — That might be the solution. It may be that sulfur 
does damsige in the western country. The efiiuent contains iron, alum- 
imun, and alum; there is little sulfuric acid. The solution corrodes any 
metal and stops plant growth. 

Milton H. Fies. — The trouble with which we must contend is the 
water that flows from the washer. The washers in this district require 
from 100 to 150 gal. per min. of make-up water; in some cases where the 
water is used just once, 1000 gal. per min. is required. The farmers' 
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along the creeks complain that these waters carry fine coal and fine 
particles of fireclay upon their property, and damage it. We had that 
water analyzed and found that the water was alkaline; also, by experi- 
ments at the State Agricultural College, that in the soil along these creeks, 
where the deposits of fine coal was thickest, these washer fines would not 
injure plant growth. 

The slate that comes from the washer should not be confused with 
the fine coal and fine fireclay that is held in suspension in the water 
flowing down the creek. This water is not high in sulfur because it is 
the overflow from the settling tanks, the sulfur, being heavier, sinks. 

William Kelly. — A little over 40 years ago, I accepted a position 
at a furnace property on the west border of the Broad Top coal field in 
southern Pennsylvania. As the coal was thought not to be clean enough 
for furnace coke, a coal washer had been erected some years before and 
was in operation, up to a couple of days before my arrival, when it had 
been closed for the Christmas holidays on account of a shortage of men. 
Coke from the unwashed coal had therefore been charged into the fur- 
naces, and it was expected that the furnaces would run cold. So we 
watched the gas, cinder, and iron, but there was apparently no change in 
the heat of the furnace. It was then suggested that we run through the 
holidays with the unwashed coal, and after that, if no change in heat 
became apparent, that we run for two-weeks periods with washed and 
with unwashed coal alternately to determine if there was any difference 
in the heat obtained. The change was made as I remember it, three 
times and then the coal washer was shut down. This effected a saving 
of nearly 50 cents a ton on the cost of the pig iron. 

Later we found that the coal washer had been taking out some of the 
purest and best coal with the slate, probably just enough coal to melt the 
slate eliminated. There was not much sulfur in that coal, so there was no 
other reason for washing the coal. Of course, had the coal-washer problem 
been met as it is being today, the loss of the fine coal would have been 
saved, and very different results obtained. 

George G. Crawford, Birmingham, Ala. — Does the refuse from coal 
washers affect the fish in the streams? How many coal mines are on the 
watershed of the Village Creek reservoir? 

E. C. Wright, Tuscaloosa, Ala. — There are six mines and seven 
washers, but there are so many gold fish in ’that reservoir that we are 
glad to have them taken out. 

George S. Rice, Washington, D. C. — How much of the sulfur is in 
the form of pyrites? 

Elmer F. Harris. — I have no data concerning that, but at least 
three-fourths of the sulfur is usually quite well disseminated through 
the co^, There k some organic sulfur, and a little combined with lime. 
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R. V. Nobris^ Wilkes Barre, Pa. — In the older days in the anthracite 
field of Pennsylvania, we had a very serious stream-pollution proposition. 
The refuse from the mines was deposited along the streams, and then 
washed into them so that not merely the streams, but the Susquehanna 
River to below Harrisburg, had large deposits of coal. An efficient 
method of prevention is to filter the sludge from the washer through a 
filter bed, made of the refuse banks themselves; the water comes out very 
clear from drains under them. When a law requiring the neutralization 
of the acids from the coal mines was proposed in Congress, one of the 
anthracite companies found that the amount of limestone necessary to 
neutralize the acid water from this operation would be considerably 
more than double the total output of limestone in the United States. 
It is not a question of putting into the water a few pounds of limestone; 
it would result in putting an enormous additional cost on an industry 
that cannot bear it. I do not believe we can have mine waters absolutely 
free from acids, I do not believe we should be required to, and I do not 
think that the damage done by the acid waters in streams could compare 
with the damage done to the country by forcing additional cost on coal 
production with the resulting increase in price. 


VOL. LXXI. — ^70 
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Byproduct Coking in Alabama 

Bt F. W. Milleb,* Bibmingham, Ala. 

(Birmingham Meeting, October, 1924) 

Pbiob to the Civil War, there were several small charcoal furnaces 
for smelting the brown limonite ore that is found, in comparatively 
small bodies, throughout the central and north-central portions of the 
state. During the Civil War, these furnaces furnished charcoal iron 
to the Confederate Government. 

No attention was paid to the large bodies of lime-bearing hematite 
ore that now supplies the bulk of the ore used in the various blast-furnace 
plants of this Strict until the latter part of the 19th century. Red 
Mounttun, which is the southernmost and one of the smaller ranges of 
the Appalachian Chain, lying inunediately south of the Birmingham 
and Bessemer, is the principal source of this ore. The orebody outcrops 
on the northern face, extends through the mountain, and underlies 
Shades Valley on the southern side. 

When it was found that these ores could be worked satisfactorily in 
the blast furnaces, there was a comparatively rapid growth in the blast- 
furnace industry in the Birmingham district. As these ores are far more 
refractory than the limonite ores, this blast-furnace development was 
accompanied by the construction of beehive ovens to carbonize the coal, 
in order to supply the necessary fuel. The state’s production of bee- 
hive coke in 1880 was 60,781 tons; ten years later this had increased to 
1,072,942 tons; and, in 1897 the production had reached 1,443,017 tons. 
In 1898, the first byproduct oven built in the state was put in operation. 
This plant consisted of 120 horizontal-flue Semet-Solvay ovens, three 
flues in height by thirty flues in len|^ with an average width of 16 in. 
The plant was constructed by the Smet-Solvay Co., for the Tennessee 
Coal, Iron & Railroad Co., and was located adjacent to the blast-furnace 
plant of that company at Ensley. Coal was delivered from the Pratt 
mines, by gravity tracks, directly into bins of the ovens after having 
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been properly crushed and wadied at the mines. The coke was delivered 
by the ^met-Solvay Co. into coke bins of the blast furnaces directly 
from the quenching cars. 

The coke production in 1898, for the entire state, was 1,663,000 tons; 
and in 1900, 2,110,837 tons. 

In 1902, four additional batteries of Semet-Solvay ovens were added 
to this plant. These later ovens were of the same dimensions but were 
four flues in height; that is, the heating wall was 80 in. high instead of 60 
in. ; and the total coke production for the state increased to 2,552,246 tons. 

The plant, as originally constructed, was of the recuperative type; 
the waste heat passed parallel to the waste gases in the sole flue of the 
oven, bringing the temperature of the incoming air up to approximately 
350*' C. The waste heat was then allowed to flow through waste-heat 
boilers and produced the high-pressure and process steam, together with 
the electric power required for the complete operation of the plant. 

The refractory lining of the early ovens consisted of high-grade fire- 
clay tile imported from Belgium. These tile blocks were from 20 to 30 
in. long, 20 in. high, and approximately 12 in. wide, with a hole of eliptic 
cross-section running through the block. The blocks were tongued and 
grooved, to prevent leakage, and were set with high-grade American 
clay. The division walla between adjoining ones were constructed of 
standard 9-in. firebrick and, for the coking periods permitted at that 
time, served their purpose excellently. 

This plant, the Belgian tile having been replaced by silica shapes, 
was operated through the World War, on a coking time of approximately 
15 hr. and has maintained an equal or better coking time up to the pres- 
ent. It has a remarkable record for consistency in operation throughout 
its 26 years and is capable of indefinite operation, although handicapped 
by the small size of the coking chamber. Its annual capacity is 730,000 
tons of dry coal or about 530^000 tons of coke. 

In 1906, the Semet-Solvay Co. constructed, for the Central Iron & 
Fuel Co., at Holt, 40 Semet-Solvay ovens of the cold-air type. These 
ovens are 100 in. to the coal line, 16 in. average width, and 30 ft. in length. 
No more byproduct ovens were added until 1911-12, when the plants of 
the Woodward Iron Co. and the Tenne^ee Coal & Iron Bailroad Co. 
were constructed. 

The Woodward plant consisted of 170 Eoppers ovens and 60 Wilputte 
ovens; the Eoppers ovens have an average width of 18^ in., are 8 ft. 
7 in. to the cosJ line, and 39 ft. long. The Wilputte ovens have an aver- 
age width of 10^ in., are 8 ft. 7 in. to the coal line, and 35 ft. 9 in. 
long. No. 1 battery was built in April, 1911; No. 2 battery in August, 
1923; No. 3 battery in December, 1914; and No. 4 battery in November, 
1917. This plant has a maximum capacity of 1,760,000 tons dry coal 
per year. 
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In 1911, tile Tennessee Coal, Iron & Railroad Co. constructed four 
batteries of Koppers ovens 19% in. wide, 8 ft. 6 in. to the coal line, and 
37 ft. 3 in. long; the plant at that time had an annual capacity of 2,146,000 
tons of coal. In 1920, this company added two batteries of 77 ovens 
each, bringing the total number of ovens in this plant up to 434 and 
increasing its annual coal capacity to 3,340,000 tons. This plant now 
sui^lies all the coke required by 11 active blast-furnace stacks of 
the Tennessee Coal & Iron Co. and, in addition, is capable of handling 
some coke for the commercial market. In 1913, the coke production of 
the state had risen to 3,323,664 tons, 2,022,959 tons of which was bypro- 
duct coke and 1,300,705 tons was beehive. 

In 1917, the Gulf States Steel Co., located at Alabama City, placed 
in run its byproduct plant of 37 standard Koppers ovens, with an 
annual capacity of 250,000 tons of dry coal. These ovens have an 
average width of 18% in., are 9 ft. 10 in. to the coal line and 37 ft. 
long. The average eoking time for 1923 was 15 hr. 21 min., the plant 
having been in continuous run since April 17, 1917, with no extensive 
repairs and with excellent results. 

As a result of the stimulus of the World War, the Alabama By- 
Product Corpn. constructed at Tarrant, a suburb of Birmingham, 50 
Koppers ovens having an average width of 16 in.; height to coal line, 
9 ft. 10 in.; and a length of 37 ft. The Sloss-Sheffield Steel & Iron Co. 
began the construction of 120 Semet-Solvay ovens with an average 
width of 18% in., height to coal line 11 ft., and a length of 36 ft. These 
ovens, which have the largest coking chambers of any ovens in the state, 
have a capacity of approximately 15 tons of coal per oven charged and 
an annual coal capacity of 970,000 dry tons. In 1923, the Alabama 
By-Product Corpn. added 25 ovens of the same capacity to the original 
battery; bringing the annual coal capacity to 456,000 dry tons. 

The total coke production of the state for 1923 was 4,200,000 tons, 
of which 268,000 tons was produced in beehive ovens and 3,932,000 tons in 
byproduct ovens. This means that less than 7 per cent of the total 
coal carbonized for metallurgical purposes in the state was carbonized 
in beehive ovens. It is not necessary to go into the fxmdamental causes 
of this rapid displacement of the beehive by the byproduct oven. The 
byproduct oven represents a much larger capital outlay per ton of coal 
carbonized, but the byproducts are fully capable of carrying this increase. 
The more uniform grade of coke, the direct saving of coal through yield 
oi coke, the conservation of coal resources, and the reduction of labor 
cost, together with more favorable working conditions for labor are 
the major factors. 

It is, however, noteworthy that Alabama, which has idways enjoyed 
a plentiful supply of common labor at comparatively low rates, has 
outstripped her sister states in her progress in cokii^. 
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The annual capacity, in tons of dry coal, for this district; 


Tennessee Coal, Iron & Railroad Co., Ensley 730,000 

Central Iron & Fuel Co., Holt 330,000 

Woodward Iron Co., Woodward 1,760,000 

Tennessee Coal, Iron & Railroad Co., Fairfield 3,340,000 

Gulf States Steel Co., Alabama City 250,000 

Alabama By-Product Corpn., Tarrant 456,000 

Sloss-Sheffield Steel & Iron Co., Birmingham 970,000 


7,836,000 

It will be noted that the combined coking capacity of all of these 
plants, if operated at their maximum production rate, will be equivalent 
to the consumption of 7,836,000 tons. Assuming an average yield of 
75 per cent of furnace fuel, these plants will produce annually, 5,362,000 
tons of coke. As the maximum amount of coke so far produced in the 
state in any one year (1917) was 4,892,589 tons, even when allowance 
is made for improvements in furnace capacity, which have been steadily 
taking place, the byproduct ovens are capable of producing all the 
coke required by the state without any assistance from the beehive 
ovens whatsoever. 

There is no district in the United States in which the substitution 
of the beehive oven has been so complete as in the state of Alabama. 
The districts of Chicago, Detroit, Buffalo, and a few other points, of 
course, have no beehive ovens; the development at these points represent 
a transference of the coking operation from the mine mouth in Pennsyl- 
vania, Kentucky, and West Virginia to the point of demand. This 
transfer has been justified by the production of coke-oven gas for domestic 
and industrial uses and by making available valuable byproducts nearer 
the point of consumption. 

As the South is proportionately the largest consumer of ammonium 
sulfate, practically all of the ammonium produced by the Alabama 
byproduct ovens is produced in the form of ammonium sulfate and 
marketed to the various manufacturers of commercial fertilizer. 

As the Birmingham district is the largest producer of cast-iron pipe 
in the world, it is also the largest consumer of coal tar for the dipping 
of the pipe manufactured in this district. 

The development of blended motor fuel has probably been carried 
farther in the Birmingham district than anywhere else in the United 
States and, consequently, almost the entire production of benzol is con- 
sumed within a reasonable radius of Birmingham, by the automotive 
industry. During the late World War,, practically all of this benzol 
was converted into pure products and consumed by the manufacturers 
of munitions. 

The coke-oven gas from the various plants is largely consumed by 
industries and municipalities. The plant of the Sloss-Sheffield Steel & 
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Iron Co. supplies domestic gaa of approximately 550 B.t.u. to Birmingham 
through the Birmingham Electric Co. The Holt plant supplies gas to 
Tuscaloosa and to the ore-nodulizing plant of The Central Iron & Fuel Co. 
The Tennessee Coal, Iron & Railroad Co. consumes its gas in its steel 
plant ; in addition, it receives about 6,000,000 to 7,000,000 cu. ft. daily from 
the Semet-Solvay ovens at Ensley. The Alabama By-Product Corpn. 
has a 3,000,000 cu. ft. holder, in which it stores the surplus gas produced 
at night, thus making all of its surplus gas available during the day. 
This has enabled the company to supply, through a subsidiary pipeline 
company, gas to the Stocldiam Pipe & Fittings Co., the American Radia- 
tor Co., the Kilby Frog & Switch Co., and the Vulcan Rivet Co. 

The Gulf States Steel Co. consumes its surplus gas within its own 
steel plant, while the Woodward Iron Co. uses its gas under boilers, 
supplementing its blast-furnace gas to produce steam not only for its 
fmnace plant but to supply power for its mines and other activities. 

The members of the Institute will be interested in seeing the boiler 
and power plant of the Sloss-She£Seld Steel & Iron Co. This plant, 
located at its byproduct plant, has a battery of eight Sterling boilers 
equipped to bum coke-oven gas, coke breeze in Coxe stokers, and pulver- 
ized coal. This power plant supplies the company’s coal and ore mines, 
its quarry, and two of its furnaces, in addition to its byproduct plant 
requirements, and sells power to the Phoenix Portland Cement Co. 
Extreme flexibility is required in order to be able to supply gas to the 
city in amounts varsdng over wide limits with the seasons, and to take 
care of the rapid hourly fluctuations of its mine load. 

Inasmuch as the conversion from beehive carbonization to byproduct 
coking has been so complete, the construction of byproduct ovens wUl 
be relatively slower, as it will be forced to follow the development of the 
blast furnace and steel industry. However, as the South is now consum- 
ing the greater part of the iron produced in this district and this southern 
demand is growing rapidly, additional blast furnaces, and probably 
steel plants, will be constmcted and the construction of byproduct 
ovens will keep pace with this development. 

DISCUSSION 

Thbo©orb Swann, Birmingham, Ala. — We have been working for 
about two years on the production of phosphoric acid in an electric 
furnace, by charging phosphate rock into the furnace. We can make 
the liquid phosphoric acid, running from 90 to 93 per cent. HsP 04 and 
use it, instead of sulfuric acid, to fix the ammonium liquid produced from 
the byproduct ovens in this district. We make a product that runs about 
60^ per cent, phosphoric acid and about 14^ per cent, ammonium. 
By using the. pure phosphoric acid and pure ammonium, though the 
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ordinary Grade B ammonia is satisfactory, we can make the phosphoric 
acid used in the manufacture of fertilizer. Phosphoric acid is the correct 
thing to use to fix ammonia for fertilizer, not sulfuric acid. If it is desired 
to reduce the cost, a cheaper grade of phosphoric acid may be made; the 
heat reaction is somewhat greater. We found a rectangular boiler 
made out of 2-in. tongue-and-grooved plank, lead lined, with a brick 
lining inside of that, very satisfactory and efficient. 
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Belt Conveying of Coal at H. C. Frick Coke Company Mines 

By Thomas W. Dawson,* Scottdalb, Pa. 

(New York Meeting, February, 1925) 


The H. C. Frick Coke Co. has used belt conveyers for handling coal 
for the last eighteen years but, until recently, only for small tonnages and 
over short distances. The first installations were outside the mines for 
distributing coal to various parts of plants. A belt conveyer was 
put in service at Colonial No. 4 Mine in November, 1906, to carry coal 
from the main hoisting shaft to a storage bin serving two blocks of 
beehive ovens on the other side of the valley; it was in constant service 
until the Colonial No. 4 ovens were abandoned less than a year ago. 
This conveyor was in an overhead gallery that spanned our sidings and 
yard tracks and the main line of the Pennsylvania Railroad. It was a 
crude installation, from the viewpoint of present conveyor engineering 
practice. It had no mechanical feeding device, the coal simply ran 
through a gate in the side of a bin on to the belt; but one belt on this 
conveyor lasted eleven years. This conveyor is about 300 ft. long center 
to center of pulleys. It operated at a speed of 250 ft. per min. and 
carried about 400 tons per day. On this basis, the belt life of eleven 
years means that not over a million and a quarter tons was carried by 
the belt. While this is not a large tonnage, the cost per ton was 
much less than by any previous method in use for supplying coal to ovens 
located at a distance from the main shaft. 

The next belt conveyor was installed at Bridgeport Mine in 1907. 
It carried about the same daily tonnage as the first, delivering from the 
hoisting shaft to a coke-oven bin. Very few data were kept on this 
conveyor. It also operated until the coke ovens at the plant were put 
out of blast and the coal taken to the Clairton byproduct plant by river. 

In 1916, work was started to equip the Bridgeport, Palmer, Gates, 
and Ronco mines to load their entire output on the river for transporta- 
tion to the Clairton byproduct plant, which was then being built. These 
mines were all operating at that time and had a large area of coal avail- 
able for river shipment. The Monongahela Railroad was located 
between the hoisting shaft and the river at each of •these plants and, 
therefore, had to be crossed at each location to deliver coal to the river. 

After careful study, it was decided to transport this coal from the 
hoisting shaft to the river at each of these plants by belt conveyors. 


♦Chief Engineer, H. C. Frick Coke Co. 
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Bridgeport was designed to handle 2000 tons and the other plants 2500 
tons per day each. Bridgeport was provided with a belt 42 in. wide, 
and each of the others with belts 48 in. wide, all to be operated at a speed 
of 300 ft. per min. The lengths of these conveyors were: Bridgeport 
674 ft., Palmer 612 ft., Gates 150 ft., and Ronco 361 ft. All the convey- 
ing equipment for these plants was purchased from the Stephens-Adam- 
son Mfg. Co. All drives, except the Bridgeport which is driven tandem 
near the tail end, are of the single head-end type. In all cases, the 
reduction from motor to pulley is through cut steel spur gears. All 
main bearings are plain, babbitted, grease-cup lubricated. All carriers 
are Stephens- Adamson ball-bearing Uni-roll type. These ball bearings 
are of the cup-and-cone type. Each conveyor is fed by an apron 
conveyor of the corrugated pan type. They started operating in the 
following order: Bridgeport, March, 1917; Gates, July, 1917; Palmer, 
July, 1918; and Ronco, October, 1918. At the close of 1924, Bridgeport 
had carried 4,472,256 tons. Gates 6,211,647 tons. Palmer 4,104,807 tons, 
and Ronco 6,237,717 tons of coal. All of the conveyors, except the one 
at Gates, are still operating with the original belts and carriers, 
and all the belts look good for at least another year’s service. The cost 
records on the carriers show that the upkeep gradually increased up to 
1921 ; since then it has been practically constant. This seems to indicate 
that these carriers can be kept operating for several years yet at about 
the present cost. In 1923, we replaced all carriers on the Gates conveyor 
in order to try a new carrier of the Jeffrey Mfg. Co. In January, 1924, 
we replaced the belt on this conveyor and used the old belt on the new 
Colonial system, rather than cut up new belt for the purpose. When 
taken off the conveyor, this belt was in as good condition as the other 
belts; showing that if a belt is properly fed about as long a life can 
be expected from a short one as from a long one. 

Very soon after these conveyors were started, it became apparent 
that they were great labor savers. They carried all the coal that could 
be hoisted with no delays and were able to handle larger tonnages than 
they had been designed for. By the latter part of 1919, the output of 
Ronco mine was brought up to 5000 tons per ddy. Gates to 3000 tons, and 
Bridgeport to 2500 tons. The Ronco conveyor handled its tonnage, 
which was double the amount for which it was designed, with ease and 
no delays in operation. With the completion of these installations, all 
the mines owned by the H. C. Frick Coke Co., located directly along the 
Monongahela River, were equipped to load their entire output in baizes 
for transportation to the Clairton byproduct plant. 

Early in 1919, it was decided to increase the capacity of the Clairton 
byproducts coke plant, when it would require an additional daily supply 
of 8000 tons. At this time, we had operated river mines long enough to 
know that ^ material saving was to be derived by delivering this addi- 
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iional tonnage by water instead of by rail, so it was decided to trans- 
port the coal from the three Colonial mines, Isring farther back from the 
river, to the river and load it in baiges. The origin and reasons for the 
method developed for handling this coal have been described in Coal Age, 
Dec. 25, 1924. 


Table 1. — Dala Relative to BeU-conveyor Installation for Transporting 
Bun-of-mine Coal from Car Dumper at a Central Point in Colonial 
Mines 4.3 Miles to Monongahela River 


Belt No. 

Sise of Belt, 
Inches 

Capacity, Tons 

Type of Drive 

Length, Feet 

Rise or Drop, 
Feet 

Power Required 
for Starting 
instantaneous) 
Horsepower 

Power Required 
While Running, 
Horsepower 

Belt Ply 

Belt Tension 
While Running, 
Pounds 

Unit Stress* 

1 

48 

1,220 

Single 

800 

- 2.25 

248 

80 

8 

8,889 

35 

2 

48 

1,220 

Single 

417 

+ 8.1 

140 

54 

8 

6,000 

31 

3 

48 

1,220 

Single 

320 

+ 4.5 

106 

39 

8 

4,334 

23 

4 

48 

1,220 

Tandem 

1,029 

+19.6 

347 

132 

8 

9,680 

38 

5 

48 

1,220 

Tandem 

1,101 

+19.6 

369 

139 

8 

10,193 

40 

6 

48 

1,220 

Tandem 

1,497 

Level 

470 

157 

10 

11,513 

40 

7 

48 

1,220 

Tandem 

1,401 

-12.23 

425 

132 

8 

9,700 

38 

8 

48 

1,220 

Tandem 

1,500 

' Level 

470 

157 

10 

11,513 

40 

9 

48 

1,220 

Tandem 

933 

+11.25 

306 

111 

8 

8,140 

32 

10 

48 

1,220 

Tandem 

1,413 

+11.2 

457 

161 

10 

11,807 

42 

11 

48 

1,220 

Tandem 

1,513 

+ 2.72 

478 

161 

10 

11,807 

42 

12 

48 

1,220 

Tandem 

1,321 

+19.12 

438 

161 

10 

11,807 

42 

13 

48 

1,220 

Tandem 

1,324 

+23.6 

444 

167 

10 

12,247 

44 

14 

48 

1,220 

Tandem 

1,342 

+21.07 

444 

167 

10 

12,247 

44 

15 

48 

1,220 

Tandem 

1,296 

+23.87 

444 

167 

10 

12,247 

44 

16 

42 

860 

Tandem 

1,263 

+26.3 

302 

116 

8 

8,507 

34 

17 

42 

860 

Tandem 

1,366 

+17.47 

302 

116 

8 

8,507 

34 

18 

42 

860 

Tandem 

1,214 

+30.47 

302 

116 

8 

8,507 

34 

19 

42 

860 

Tandem 

1,278 

+24.97 

302 

116 

.8 

8,507 

34 

20 

42 

860 { 

Tandem 

1,212 

+30.67 

302 

116 

8 

8,507 

34 


• Stress in pounds per inch of width per ply. 


These three mines have sufficient acreage of coal to last 25 years, 
when worked at the rate of 8500 tons per day for 300 days in the year. 
After a thorough analysis, it was decided to build a system of belt con- 
veyors, having a total length of 22,930 ft., for transporting this coal 
from a point inside the mine where it was to be delivered in mine wagons. 

As soon as this scheme was adopted, we ran a series of power tests on 
the four conveyors already operating along the Monongahela River, 
from which we developed a formula that would as nearly as possible fit 
all when length, speed, load, and lift were taken into consideration. 
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Knowing the conditions under which these conveyors were operating, 
this was considered a good basis on which to design conveyors of a much 
greater efficiency. With these data, lengths of conveyors were estab- 
lished which it was certain could be driven successfully. The data 
shown in Table 1 were compiled, and from these the entire system was 
developed step by step. It will be noted that the conveyors were not 
put in exactly as shown by the original table. Various changes were 
made to suit local conditions and- to take advantage of changes that 
developed in the scheme as the work of designing proceeded. 

The formula used for the preparation of this table was 



0.0087L 

100 


+ 


O.Olff 

10 



This is simply a revision of a formula of Mooney and Darnell,* the chaise 
being in the percentages of load transferred into motor horsepower. 
In this formula L is length, in feet, of conveyor, center to center of pul- 
leys; H, lift in feet; and T, tons conveyed per hour. 

The result of all the tests on these conveyors showed that we could 
materially reduce the percentages of load used in the original formiila. 
In the original formula, 2 per cent, of the tons per hour for every 100 ft. 
of length plus 1 per cent, of the tons per hour for every 10 ft. of vertical 
lift is used; in the case of these conveyers, this is reduced to 0.87 per cent, 
of the tons per hour for every 100 ft. of length plus 1 per cent, of the tons 
per hour for every 10 ft. of vertical lift. These percentages very closely 
fit the conditions, allowing us to figure back to the actual power consumed 
on each conveyor. Using this basis for figuring power in establishing 
lengths, we proceeded to improve the class of equipment for this job 
as much as possible. 

We believe that the power for driving a conveyor is the most impor- 
tant consideration in its design. The actual power consumption, though 
a considerable item in the operating cost, is the smallest measure of its 
importance in the design. The power required fixes the size of motor 
and control, size of main shafts and gear reductions and the ply of the 
belt, all of which directly affect the installation and overhead costs, and 
the maintenance and replacement costs. 

To reduce power to the minimum, the lubrication of all bearing 
points must be positive. As each bearing point is also a wearing point, 
it should be provided with the best possible bearing to suit its condition 
and also to assure its constant lubrication. All carriers must turn over 
freely all the time the belt is operating, and as long life as possible be 
provided. Abrupt bends should be avoided wherever possiUe, and the 
coal carried should retain its form as originally placed on the belt by 


‘ J. D. Mooney and D. L. Damell: Conveying Belt Calculating Chart. Trant. 
( 1916 ) 82 , 947 . 
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the feeding arrangement. In case the belt is flattened at any place, the 
load loses its form and must be forced back to its original shape in going 
through the next carrier. This requires power, and may readily become 
a source of increased power consumption. To avoid this, the coal must 
be carried along in a perfectly quiet state with no changes in its physical 
form as it lies on the belt. 

In the Colonial System, there are in service 6598 carriers, which makes 
the attendance to bearings and their proper lubrication important. To 
get the highest possible eiBaciency every bearing must be in perfect 
condition and they must always be thoroughly lubricated. By adopting 
the three-pulley type carrier, the number of bearings and, consequently, 
the number of places to be lubricated, were reduced from 65,980 to 
39,588. The trough of the belt is practically the same as with the 
standard five-pulley type, making the carr3dng capacity practically 
equal to a conveyor equipped with standard five-pulley carriers. It has 
long been the custom to consider the belt itself as the most important 
item in a belt conveyor but this is wrong. If the carriers are of a type that 
can be maintained in good operating condition with all pulleys revolving 
freely under the load, a much lighter belt can be used on the conveyor, 
materially reducing the first cost. This reduction in cost is made by 
reducing the power required to drive the conveyor. If a few of the 
pulleys become locked and fail to revolve under the load, a great increase 
in stress is thrown on to the belt and the driving mechanism. A small 
crusher for crushing coal samples is now being driven from one return 
carrier; about 3 hp. is required to operate this small crusher, but this 
power is easily taken off the one return carrier and have it still revolving 
freely. This shows somewhat the demand for additional power on a 
conveyor in case one of the return carriers should become locked. The 
belt in this case slides over the carrier and immediately furnishes 
the power for driving; this condition is simply exaggerated if some of the 
troughing carriers under the load become locked. After considering all 
these features for power reduction, it was decided to adopt either ball 
or roller bearings of a high class for every bearing point in the system. 

As soon as the type of equipment for the system was definitely decided 
upon, the data shown in Table 2 were prepared. This table shows the 
characteristics of the various conveyors as they were installed. After 
these calculations were made, it was found that we were justified in 
reducing the ply of the belt from 10 ply, over a large part of the system, 
to 8 ply throughout the system. This reduced the cost of the belt on the 
entire installation about $50,000, paid for the bearings and more than 
justified our expectations in regard to reduction in power, as will be 
shown later. 

This convesdng system serves three mines, each of which delivers 
about equal tonnages to the belt. These were all operating mines at the 
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time the scheme was developed for taking their output to the river, and 
this change in the operation simply involved increasing the output from 
an original daily production of about 3350 to 8500 tons per day for the 
three plants. A point was selected that was as central to these three 
mines as possible, making their haulages as nearly equal as possible; 
here a terminal was to be built and the coal transferred from mine 
wagons to the belt-conveying system. This involved no change in the 
operation of the mines, with the exception of a reversal of the direction 
of hauling, and left each of the mines hauling its output about the same 
distance as when it hauled to its own original opening. 

It required better than ordinary provisions to transfer this large coal 
tonnage from mine wagons to the conveying system. With the mine car 
in use, it is necessary to dump over 4000 cars per day; since the installa- 
tion we have actually dumped 5135 cars in one day. 

A scheme was developed for using two revolving dumps of sufficient 
length to handle entire trips of thirty-five cars each. These two dumps 
are each 374 ft. long, set over a bin of the same length with a capacity of 
1250 tons. This gives a storage of one hour between the mine and the 
conveying system without tying up mine cars. Each of the three mines 
enters these dumps on its own independent track. The track system 
is arranged so that Colonial No. 1 and Colonial No. 3 mines, which enter 
at the same end of the dump, are able to place their trips on either dump 
by going through a crossover from their own tracks to the parallel, 
though each normally uses the dump on its own side. The trips from 
Colonial No. 4 mine enter the dump at the opposite end, using which- 
ever dump is empty. Block signals notify the motormen when each 
dump is clear. 

When a motorman arrives at the dump landing with a loaded trip, 
he cuts off the locomotive, runs around the trip and pushes it on the 
dump where it is turned over at once; when righted the empty cars 
are coupled to the locomotive and returned to the face, with a delay of 
only a few minutes. By this arrangement, for short periods, loaded 
trips up to three times the rated capacity of the conveying system can 
be taken care of as they come in. The bin under the dumps will hold 
sixteen loaded trips; with the conveyors running this allows a rapid 
handling, eliminates delays on the haulage system, and keeps all mine 
cars in motion practically all the time, except when being loaded. One 
man handles both dumps and takes care of the signals. The dumps are 
rotated by compressed air, three 17-in. diameter cylinders being used 
for the overturning and two for the reversing of each dump. Power is 
applied from these cylinders to the rotating cage structure through long 
H-beam sections and short lengths of wire rope; this eliminates the 
unequal stretch of long and short ropes used simultaneously. Ordi- 
narily, not over 5 min. elapse from the time a trip from any mine arrives 
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at the tenninal until it is Teturning to the working face. These dumps 
were purchased from the Car Dumper & Equipment Co. 

Belt No. 20, which is 60 in. wide, extends under this hopper and is 
fed by thirty-four apron feeders, which are aU in operation at the same 
time and so designed as to feed a regular tonnage to the belt according 
to the speed at which they are set to operate. They are all driven by a 
sin^e variable^peed motor, each feeder being driven from a line shaft 
that is direct-connected to the driving motor. Chains from this line shaft 
drive worm-gear reductions, which, in turn, drive each of these feeders. 
These multiple feeders give a very even load on the conveying system, 
and, because of the light duty on each, should have a much longer life 
than could be expected where large tonnage is fed over a single feeder. 
When the system handles 8500 tons a day, each feeder handles only 
250 tons. 

Each manufacturer submitting a bid was required to furnish a sample 
carrier of the type proposed in his proposition. When all these were 
received and set up in one room, an excellent collection was available 
from which to choose; they were carefully examined before a selection 
was made. It became apparent, soon after bids were examined, that to 
get what was wanted for this ^stem, it would be necessary to consider 
each item of the equipment separately and purchase each major part of 
the equipment from the manufacturer giving the best in its line. 

The carriers were purchased from the Stephens-Adamson Mfg. Co. 
This is a three-pulley carrier equipped with No. 204 S. R. B. annular 
ball bearings. It is substantially made and and all castings are of mal- 
leable iron. The bearing housings are of malleable iron, designed with a 
liberal grease reservoir and mounted so as to oscillate and thus take care 
of any inaccuracies in alignment — either in manufacture or the result 
of accidents to the equipment. One unique feature has proved very 
useful in operation. The. entire upper part of the carrier pivots on a 
fixed shaft, so that it may be turned back under the belt and laid down on 
the decking, thus permitting each unit to be examined and repaired, if 
necessary, while the belt is in operation. The return carriers are made 
of 7-in. tubing with a through live axle and supported at each end on the 
same bearings in the same mountings as used in the troughing carriers. 

After the carriers were selected, it was decided that none of the drives 
submitted by the manufacturers was satisfactory, so a drive was designed 
in the company’s office and new bids based on this design were obtained. 

The motors, which were purchased from the General Electric Co., are 
of the wound-rotor type, 2300-volt, three-phase, sixty-cycle, 900 
r.p.m., the driving puUeys being required to make 40 r.p.m. The 
motors were to be set in separate drive rooms located back in the coal; 
it was desirable that all gears be taken out of the main gallery in order to 
conserve spaeo mi remove all possible hasards in operation. A double- 
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reduction gearbox was dedgned as a unit to be installed in the motor 
room between the motor and the tandem driving pulleys. These puUesrs 
were connected to the gear-reduction unit by two extension shafts fitt^ 
at each end with flexible couplings of the rubber-bushed pin type to allow 
for errors in alignment. Cut-steel herringbone gears of small diameter 
and wide face were used, and all shafts were moimted on high-duty 
Hyatt beatings. This construction was adopted in order to get the 
highest possible efficiency from the drives and to allow the entire unit to 
be made accurately at the factoiy, assembled, tested, and shipped 
complete inside the gearbox ready for erection in its room. All gears 
run in oil, and the roller bearings are equipped so as to be readily acces- 
sible for lubrication. The connections between the gearboxes and 
the motors are made with Falk-Bibby couplings. Seventeen dupli- 
cate units of this kind and three of similar construction, but for sin^e 
drives, were used in this installation. This equipment was purchased 
from the Falk Corpn. 

All drive and head pulleys are 48 in. in diameter, of cast iron, have 
split hubs, and are mounted on 7^-in. shafts. These shafts are carried 
by two 6 by 7 in. heavy-duty Hyatt bearings in specially designed ball- 
and-socket housings. Heavy cast-iron bases are used to mount these 
bearings. These bases were accurately set to alignment and level, with 
no provision for adjustment; this worked out nicely, saving time and 
giving entire satisfaction. All snub and tail pulleys are 36 in. in diam- 
eter, with 5J^-in. shafts, and are equipped with 5 by 4 in. heavy duty 
bearings mounted in the same way as the larger ones. The driving 
pulleys are lagged with four-ply rubber belt. On the tandem drives, the 
belt is laced underneath first, thus putting the clean side of the belt against 
the main driving pulley. Each drive has a take-up pulley weighted 
to apply about 2000 lb. initial tension to the belt. Just ahead of each 
take-up pulley is a snub pulley, which is provided with a solenoid brake 
to stop the conveyor and hold it in case there is sufficient lift to cause the 
conveyor to run backwards after the power is shut off. The Stephens- 
Adamson Mfg. Co. supplied this equipment. 

To provide for lubrication, every bearing in the system was equipped 
with an Alemite fitting. A car has been built that will carry a barrel 
of grease and a compressor for forcing the grease throu^ a flexible 
tube, which is long enough to reach all the bearings. By the use of this 
car, all equipment can be lubricated at any time desired; this allows 
fixed periods to be set between complete lubrications of the equipment. 
Evei^hing is so arranged throughout the system that every bearing 
can be lubricated with a standard grease gun while the conveyors are 
running, if this should be necessary. 

Carrier spacing was fixed at an average of 3 ft. 6 in., with graduated 
spacing from the head to the tail end. Various other spaces were 
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tried on a few conveyors, but no accurate data have been obtained. 
In the erection of carriers, marks were set on the steel stringers on each 
side at right angles to the center line of the belt to insure accurate spacing 
and alignment of carriers. All carriers were clamped to the steel stringers 
in order to allow of readily changing the spacing. 

The belts for this system are eight-ply, 32-oz. duck, Ke-in. rubber 
covered, with the exception of one of the shuttle conveyors, the 60-in. 
feeding belt, No. 20, under the dumping hopper, and belt No. 19, which 
are fabric belts manufactured by the Imperial Belting Co. The other 
belts are divided nearly equally between the B. F. Goodrich Rubber Co. 
and the Goodyear Tire & Rubber Co. 

It was recognized that, on a system as extensive as this, mechanical 
belt splices would be a serious handicap, so the question of vulcanizing 
them in the field was discussed with the manufacturers. Three of these 
units required over 3000 lin. ft. of belt and the average was about 2000 
lin. ft. Because of limited headroom in the belt gallery, it was not 
possible to handle a roll of belting more than 700 ft. long, and most of 
them were nearer 500 ft. The entire system required a little over 47,000 
ft. of belting, making over 100 splices in the entire system. A portable 
electric vulcanizer was developed, by the Goodyear Tire & Rubber Co., 
for this job. The vulcanizer was purchased and contracts made with 
both the Goodyear and Goodrich Rubber companies to make vulcanized 
field splices on their own belts with this equipment, leaving only one 
mechanical splice in each belt, which it was proposed to vulcanize after 
the belts had stretched. 

At the end of 1924, 1,265,909 tons of coal had been carried over these 
belts and none has stretched over 2 or 3 ft., which does not allow enough 
belt to make a vulcanized splice. In this time, all the original mechanical 
splices have had to be renewed once, and a few have been renewed the 
second time. The vulcanizing is well justified, and we are proceeding to 
vulcanize all of these splices by the addition of a short piece of new belt 
and a double splice. In making these splices originally, the ends of the 
belts were stepped down in the factory and vulcanized after the belts 
were placed on the carriers. This was a successful undertaking and 
has eliminated much trouble in operation. 

The first analysis. Table 1, showed that, with instantaneous starting, 
the power required to start wotild be about three times that required 
for running. As the conveyors used for these determinations were 
driven by direct-current motors, teste were made of delayed starts by 
making contacts through a barrel of water and timing the start while 
measuring the power. From these data it was decided to specify as 
long a starting duty as possible on the controls to the motors. This 
was worked out so as to get a 15-sec. starting duty, which reduced the 
starting power to about twice that for running the loaded belt. This 
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not only aided in keeping down peaks on the power demand, but 
materially reduced stresses on the equipment. 

The electrical control for a system of belts of this kind required careful 
consideration. All belts must be interlocked to operate as a unit, and a 
certain flexibility must be maintained. The control is located in the No. 
1 drive room at the river; the operator stationed there controls the entire 
system and takes calls from the various patrolmen. All units are con- 
nected with this room and the office by telephone, and instructions 
can be issued by telephone from either the oflSce or the control room to 
any drive room as needed. The operator can start or stop the entire 
system by pressing a button. On one panel of the board is mounted a 
voltmeter, which indicates which belts are running and shows where the 
trouble is located, if anything should stop a conveyor. The control 
panels are interlocked so that by cutting out resistance at each motor 
room, as the last accelerating contactor goes in, the reading on the volt- 
meter is increased to show the conveyor in operation. When conveyors 
are stopped, this process is reversed. 

When the system is to be started, the operator presses the main 
control button and conveyor No. 1 starts; and as soon as it reaches full 
speed, or in about 15 sec.. No 2 automatically starts; when it attains full 
speed. No. 3 starts; all conveyors continuing to start in the same manner 
until the entire system is operating. This manner of starting prevents 
building up a peak load and allows theontire system to be started without 
any excess over the regular running load, with the exception of the extra 
starting load on the last conveyor. The equipment is so interlocked that 
if any motor is shut down every conveyor back of it is instantly stopped. 
This stop may be caused automatically by a line contactor of any starter 
opening because of overload, by the breaking of a conveyor belt, or by a 
belt slipping on one of the driving units more than a predetermined 
amount. In case of power failure, all motors will stop and will not 
start again until started from the main control room. 

Each conveyor is provided with a limit switch operated from the idler 
pulley of the belt take-up, so that if the belt stretches beyond a certain 
point or breaks, the motor will be shut down, together with all motors 
back of it. An emergency switch is located in the belt gallery near each 
motor room, which, if opened, automatically stops all motors; all these 
switches must be closed before the accelerating equipment will be operar 
tive. Each starting panel is provided with a switch by which it may be 
discoimected from the master control system and operated as a unit if 
required in case of testing, splicing a belt, or any other cause requiring 
such operation. 

When making a stop the belts will naturally coast varying distances, 
because of the difference in lengths and lifts. While solenoid brakes are 
provided on each conveyor, it was not considered advisable to set them 
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SO that they would engage hard enough to bring the belts to an immedi- 
ate stop. To prevent a free-running conveyor from discharging coal 
upon one ahead tiiat had stopped, a mechanical interlock was installed 
between the head and tail pulleys of each conveyor on the system. 
This engages whenever the conveyor at the rear tends to run faster than 
the one ahead of it and prevents any piling up of coal in the chutes. As 
all these safeguards are working satisfactorily, we have never had any 
trouble with these conveyors. 

The designing of the chutes between conveyors gave much trouble, as 
tile headroom has to be kept to a minimum. The large lumps sometimes 
clogged the chutes a little as originally designed, but this was easily cor- 
rected by cutting a V-shaped notch at the bottom. The chutes now 
load the conveyors uniformly throughout the entire system. 

At the river, or dischai^, end of this conveying system, a large river 
tipple was built. The coal, when discharged from No. 1 belt, passes 
over a long bar screen with bars spaced to pass coal of a desired size. All 
small coal is collected in a chute that feeds a shuttle conveyor, distribu- 
ting it uniformly over the entire length of a slack-coal bunker. The coal 
passing over this screen is fed to a duplicate shuttle conveyor, which 
distributes it over the lump-coal bunker. These shuttle conveyors are 
manually or automatically operated, as desired, and so interlocked with 
the main system as to start with the other belts, thus preventing any 
flooding of coal at the start. Each has a capacity of 1000 tons per hr., 
allowing for variations in the quantity of slack in the coal, such as at 
times will occur. 

The bunkers are of the suspended type, being suspended over the 
river from heavy girders resting upon six large concrete piers. Each 
bunker has a capacity of about 1200 tons. Coal is taken from the 
bottom of the bunkers through eight gates spaced so as to feed coal 
uniformly to a barge 175 ft. long. This allows each barge to be com- 
. pletely loaded without moving. A barge of 850 tons capacity can easily 
be loaded in 10 min. The chutes leading from the gates to the barge 
are arranged to telescope to allow for varying heights of water in 
the river. 

The gates and telescoping chutes are operated by electric motors, 
which are centrally controUed in a cabin located beneath the bin, whence 
the operator has a clear view of all operations. The gates are opened 
by torque motors, which hold them open as long as the electric current 
is kept on them. They are coimterweighted, so as to close automatically 
as soon as the current is cut off; in case of power failiue, the gates immedi- 
ately dose. The operator can open or close all gates at once, or any 
in^vidual gate or number of gates, by simply pressing the proper but- 
tons on his board. A small barge mover for handling both empty and 
loaded barges is also operated from this same board. A large reinforced- 
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concrete ice breaker protects this harbor, in which space is provided for 
storing ten empty and ten loaded barges. 

The conveying system was started in regular operation on April 12, 
1924, and at the end of January, 1925, had carried 1,512,741 tons. The 
largest day’s production was 10,589 tons. During January, this system 
carried 246,832 tons of coal, or an average of 9142 tons per day for 27 
operating days. With these results, we feel safe in stating that this 
system will handle 3,000,000 tons during 1925, if business conditions will 
allow it to be operated regularly at the best rate that can be main- 
tained. The power requirements for January were 0.349 kw. per 100 
tons per 100 ft. level or equivalent. The total power used for operating 
the conveying system, pumps, fan, and for charging storage-batteries, 
including transformer and line losses, was 380,000 kw.-hr., of which 
285,660 kw-hr. was required for the conve3dng system. 

In August and September, power tests were run on all the conveyor 
units. Each test was for an entire day, and accurate power readings were 
taken, the time the belt operated loaded and empty and the tonnage 
handled were recorded. The data shown by Table 3 are the result of 
this series of tests. At the time they were made, the tonnage was less 
than is now being carried, but the results should be fairly representative 
of the power consumption. 

From these data, a formula has been prepared for calculating the 
horsepower required to drive conveyors completely equipped with anti- 
friction bearings of the class being used. This formula applies only to 
48-in. belt conveyors of long centers. It is divided into three parts, the 
power to drive a belt conveyor empty, plus the power to carry a given 
tonnage a horizontal distance, plus the power to lift this tonnage a 
given height. 

The first part, or empty-belt power, is one of friction, both rolling 
and bearing, and is not exactly proportional to length because the loads 
and belt stresses carried by main bearings are practically constant regard- 
less of length, whereas the carrier rims and belt weight are directly pro- 
portional to length. We find from these tests that lift has practically 
no influence on the power used by a belt conveyor running empty. On 
such conveyors as are used in this system, the lengths and conditions are 
so nearly constant that the power per 100 ft. of conveyor is almost uni- 
form, and in this formula we have taken the constant K which represents 
the power per 100 ft. of conveyor directly from the data as tabulated. 
This constant presupposes that all parts of the equipment are in first- 
class condition. Its average value on all conveyors in the system 
having tandem drives is 2.11 kw. or about 2.5 hp. For safely estimating 
power, the value recommended is -ST = 2.8, when figuring the horse- 
power of conveyors of this class. The power for an empty conveyor 
where K = constant representing conditions and class of equipment, 
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and L — length of conveyor, in feet, between centers of head and tail 
pullesns is given by: 

Empty power = 


The second part of this formula represents the resistance of the live 
load added to the empty belt, which is simply bearing friction and rolling 
friction of this additional load on the carriers. This part of the power is 
directly proportional to the length of conveyor and the tonnage carried 
and can be expressed as follows: 


Power for live load 


CTL 

100 X 100 


Where C = constant power required to carry 100 tons 100 ft., T 
= tons per hour, and L = length of conveyor in feet. 

The last part of the formula takes into consideration the direct work of 
raising this load a given height with an allowance for electrical and 
mechanical eflSciency. This can be expressed as follows where H = 
height of lift, in feet and D = constant due to efBcfency : 

Power for lift = 


Assembling these various components we have, for driving conveyors 
of long centers with tandem drives with all bearings of high-class anti- 
friction type 

„ KL , CTL , DTH 

Horsepower = jgj + 

For conveyors of this class, the value of the constants for figuring 
horsepower of conveyors is as follows: K = 2.8; C = 0.18, and D = 1.12. 

After running tests on all conveyors of the system and carefully 
analyzing the results, we found that a further saving in operation could 
be made by combining conveyors Nos. 8 and 9, making a single conveyor 
2439 ft. long and driven by the motor that originally drove No 8. These 
two conveyors were in a straight line and by combining them we could 
reduce the lift by 4.1 ft. On Saturday afternoon, Jan. 24, we started 
making the necessary changes to combine these units into one conveyor 
and the work was completed and the belt trained Sunday evening. 
The new conveyor was started in operation on Monday morning, Jan. 26. 
A test for an entire day’s run, the same as made previously on the other 
conveyors, was run on this conveyor on Jan. 28, with the following results: 
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Tons carried for the day 8866 

Time belt operated, mimiteB 473 

Time belt carried load, minutes 460 

Average load, tons per hour 1156 

Power demand for empty belt, kilowatts 36.0 

Additional demand to carry average load, kilowatts 51.7 

Power required to lift load, average, kilowatts 8.1 

Level belt power demand measured as additional power above 

empty demand (Column 11 less Column 12), kilowatts 43.6 

Constant power required per 100 tons per 100 ft., based on 

Column 13, kilowatts 0.155 

Kilowatts required per 100 ft. with conveyor empty belt 1.47 


This test shows that by connecting these belts we have made a saving 
of 4446 kw.-hr. per month, or approximately a 20 per cent, power saving. 
The saving is primarily in the empty power, except that accounted for 
by eliminating 4.1 ft. of lift. The power to carry a load, deducting lift 
and empty power, checks almost exactly, which we expected, indicating 
this to be friction and directly proportional to the weight of material. 
The maximum starting duty of this conveyor, measured as relative 
torque, is 240 hp. in 20 sec., with a load on the belt of 1340 tons per 
hour. This gives a maximum belt stress of 16,200 lb., or 42.2 lb. per 
in. per ply on starting duty. The running stress is 9200 lb., or 24.2 lb. 
per in. per ply. 

While this consolidation of two conveyors into one makes a very 
long unit, in all cases the final power figure is less for the long conveyor 
than the combined powers for the two, and the belt stress on starting is 
still lower than what was originally figured for conveyor No 8 alone, 
with the running stresses less than conveyor No 11 was originally figured. 
This change eliminates one drive completely, making a motor and 
complete driving unit available for use at some other place and eliminates 
the upkeep on one transfer point. 

We have not given operating figures on this system, mainly for 
the reason that any such figures taken at this time would be misleading. 
It will take a few years’ operation before any figures can be derived that 
would be safe for general use. 

In closing, we would state that the operation of these conveyors 
proves conclusively that a belt conveyor is dependable in its operation; 
positive in its performance; durable to an extent greater than most 
machines; less hazardous to life and not entirely dependent on the human 
element. In handling over million tons of coal, there has not been 
a sin^e accident to a man on this operation. A result of this kind would 
have been almost impossible if this amount of coal were hauled by electric 
locomotives over this distance. The conveyors require few men to 
operate, are not excessive in first cost, and have low operating charges. 
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DISCUSSION 

F. F. Jorgensen, Gillespie, 111. — ^What was the cost of that conveying 
system and what is the cost per ton of conveying? 

Thomas W. Dawson. — I cannot give the cost of the conveying of 
the coal, but I assure you it is quite low; the cost of the system is 
about $2,500,000. 

F. F. Jorgensen. — ^Why was it made in three sections instead of the 
ordinary five? 

Thomas W. Dawson. — The principal reason was to reduce the num- 
ber of bearings. 

F. F. Jorgensen. — ^Won’t there be a tendency for the belt to slip? 

Thos. W. Dawson. — I see no diflSculty. 

Graham Bright, East Pittsburgh, Pa. — Were the figures for January 
for total tonnage? 

Thomas W. Dawson. — The total tonnage for the month of January 
was 226,832 tons of coal and the power requirements for that month were 
0.349 kw. per 100 tons for 100 ft. For operating the entire system, 
including the pumps and fan, charging of storage battery motors, a total 
of 38,000 kw.-hr. was required and 285,660 kw.-hr. was used in the 
conveyor S 3 rstem. 

Graham Bright. — Did that include all of the main haulage from the 
inside gathering points to the river? 

Thomas W. Dawson. — Just from the dump to the river. We are also 
pumping water and ventilating the system and we do some lighting. 

Graham Bright. — The paper stated that 500 ft. was the maximum 
length of belt on account of the size of roll. Would it not be possible to 
feed the belt in from one end, and after the first belt is put in operation, 
use this belt as a carrier for, the second belt, which would enable the 
use of longer lengths and less splicing? 

Thomas W. Dawson. — That plan was considered but we decided to 
take the sure method. We might do it by reversing the belt, but in differ- 
ent parts of the system certain parts were prepared before other parts, so 
we used shorter units to facilitate the work. We had a special car made 
for rolling the belt in about 500-ft. lengths. We have had no trouble 
whatever in handling it. 

Graham Bright. — If you were going to do it over again would you 
use longer belts? 
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Thomas W. Dawson. — Yes; even on our firet installation we went 
beyond the belt lengths, from center to center, recommended by various 
manufacturers. In another installation we would have them longer. 

A. W. Hesse. — ^How much time was required for the installation of 
this system? 

Thomas W. Dawson. — From the time we started it was just about 3 
years but the greater part of the time was spent over that 4.3 miles of 
heading from the river to the dump, putting in the steel supports for 
continuity of surface. The belt conveyor could be installed in a year; the 
preparation of heading took the time. 

When we first thought of transporting coal undergroimd to the river, 
we purchased from the Pittsburgh Coal Co. two headings in an old mine 
2H miles from the river to the boundary line together with sufficient 
support on either side, or about 100 acres of coal. That mine was 
probably opened 45 or 47 years ago. The first 2000 ft. from the river is on 
cribs and we could not get to either side of the open headings. It just 
had the appearance of being gobbed out to the headings. 
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KBVIBW OF COAL-DtrST INVBBTIGATIONS 


Review of Coal-dust Investigations 

By George S. Rice,* Washington, D. C. 

(New York Meeting, February, 1925) 

Ten years ago, October, 1914, the author had the privilege of giving 
an illustrated address on investigations of coal-dust explosions^ to this 
Institute at one session of its fall meeting in Pittsburgh, Pa. On 
the following day, the members had the opportunity of seeing a large-scale 
explosion test at the Experimental Mine near Bruceton, in which the 
explosion was made to follow a predetermined path by means of rock-dust 
barriers of various types, which had prevented the explosive waves from 
reaching the outlets of the mine by the shortest paths.* There was also 
shown a “home-made” rock-dusting machine discharging the dust from 
a flexible nozzle, and a cement gun operated for the quick erection of a 
fire or ventilation stopping, such as might be put up after an explosion. 

Following that paper, there was presented a paper by J. Taffanel, 
Director of the Li4vin testing station in the Pas de Calais, which reviewed 
the French coal-dust investigations.* A paper^ by Howard N. Eavenson 
contains lists of explosions that occurred in North America and Great 
Britain, from early in the 19th century to 1912; in France to 1903, and 
Belgium to 1909. Although explosions still occur, we are hopeful that 
we have entered a happier freedom from these visitations, as the result 
of increased knowledge of the causes and means of prevention. Looking 
back over coal-dust investigations, there appear to have been periods 
of advance and of stagnation. 

Coal-dust Investigations 

From the earliest times of coal mining, which chiefly affected Great 
Britain as the first nation to take up coal mining on a large scale, to the 
beginning of the 19th century, no one thought of coal dust as an explo- 
sive agency ; firedamp was the cause dreaded. 

It was believed, when Sir Humphrey Davy invented his safety lamp in 
1815, that a solution had been found for the prevention of mine explo- 

* Chief Mining Engineer, Bureau of Mines. 

1 Tram. (1915) 50, 552. 

* Diagram of this explosion and its results, which was witnessed by many members 
of the Institute, coal operators, and representatives of several state inspection depart- 
ments, are appended to this paper, together with a brief explanation. 

» Tram. (1915) 50, 588. 

* Coal-Mine Explosions Caused by Gas or Dust. Tram. (1915) 50, 594. 
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sions. Nevertheless, the use of the safety lamps was not universal and the 
primitive forms were imperfect. Also, mine ventilation was extremely 
crude. As explosions continued to occur, firedamp was naturally 
regarded as the great danger, for coal dust was not known to be a factor. 

In 1803, in connection with the WalPs End (Newcastle-on-Tyne) mine 
explosion the first suggestion was recorded that coal dust may have been 
a factor. Between this time and 1860, mention was made from time 
to time, following explosions in France and Great Britain, that coal dust 
was a factor in firedamp explosions, notably by Faraday and Lyell 
(1845), and du Souich of France (1855). The earlier mention related to 
its effect in burning men by the clots of flaming dust; the later sugges- 
tions were that it played a part by extending the flame of an explosion. 
Faraday suggested, in his report on the Haswell Colliery explosion, that 
firedamp was not the only fuel and that much coal gas was raised from 
the dust which had been coked. 

The decade 1861-1870 was marked by two explosion disasters in Great 
Britain: Oaks colliery, Yorkshire, 1866, with 361 deaths; Ferndale, Wales, 
1867, with 178 deaths, followed 18 months later, in the same colliery, by 
another explosion costing 53 deaths. There were 33 explosions each 
costing over 10 lives, and there was a total death roll from these explosions 
of 1444. 

In France, during this decade, there were six disasters, each causing 
ten or more deaths; one of these cost 89 lives. From 1864 to 1867, 
Verpellieux in France made the first experiments on coal dust inflam- 
mability that the author has found recorded. He concluded that coal 
dust was a most important factor in mine explosions and likened it to 
firing a gun with ammunition of that day, in which firedamp was the 
primer and coal dust the powder. 

During the decade 1871-1880,35 explosions costing 20 14 lives occurred 
in Great Britain. The most severe was at Abercame, Wales, with 268 
deaths. In France, the Jabin colliery had an explosion, in 1871, that cost 
70 lives and another in 1876 that cost 186 lives. 

Laboratory and Small-gallery Testing 

It was during this decade that laboratory investigations were taken up 
actively. Vital, in France in 1875, made an apparatus with which he 
attempted to obtain the pressures produced by an ignition of different 
dusts. He was the first to conclude, on the basis of experimentation, 
that dusts rich in gas might ignite directly from a blown-out shot. 
Apparently he was much ''ahead of his time’’ in France. In December, 
1876, Galloway began his laboratory experiments (reported to the Royal 
Society, London, 1876) which led him to the conclusion that a small per- 
centage of firedamp must be present to obtain propagation. Although 
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he suggests that if coal dust were made fine enough and were thoroi^ily 
mixed with air, it might propagate an explosion. Galloway, however, 
did not come out until 10 years later with a direct statement that coal 
dust would propagate an explosion without firedamp being present. 

At this time (December, 1875) Marreco began some small-gallery 
tests at Elswick colliery and decided that coal dust would propagate an 
explosion without firedamp. 

Labgb-scalb Testing bt Hbnbt Hall 

Hall, in 1876, made the first recorded large-scale tests in a short mine 
adit, and concluded that coal dust alone would carry the infiammation of 
a blown-out shot. In referring to the experiments, the Royal Commis- 
sion expressed suspicion that there might have been firedamp present. 

Abel’s Small-galleby Tests 

In 1880, following the Seaham explosion. Sir Frederick Abel, an 
explosives expert and a member of a Royal Commission on Accidents 
in Mines, imdertook small-gallery tests and reached the conclusion 
that although coal dust was an important factor, firedamp must be 
present. Abel’s conclusions, through his prominence, caused a decided 
setback for some years of the opinion that coal dust was a sole agent. 

It is now evident that the laboratory and gallery testing of that day 
was very crude, being conducted with no knowledge of the character 
of the dust tested, its volatile-fixed carbon ratio, purity, and size of dust 
particles. Such crude methods of testing, both in the laboratory and 
large-scale testing, continued for nearly 30 years and the inconsistent 
results befogged the question of coal-dust explosibility. 

1881-1890 

This decade witnessed important developments in coal-dust 
investigations, although the battle was still waged, as stated by a French- 
man, between the coal dust and the anti-coal dust adherents. 

Bbitish Views 

British mining engineers and operators at the beginning of the decade 
were skeptical but, by 1886, many had accepted the theory that coal 
dust was a serious hazard, whether or not it was explosive alone in air. 
The Royal Commission report of 1886 also took this position but 
mmitioned that a highly infiammable co^ dust in great abundance might, 
in the absmice of firedamp, be ignited by a blown-out shot. 

Galloway strongly advocated watering roadways, which originally 
had been done in some mines as a hygienic measure, but there was much 
opposition, from the majority of the mining men of England, to general 
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watering on account of the damage to the naturally dry and friable roof 
and floor. 

Watering and the use of compressed-air sprays were introduced in 
some of the Welsh mines. The Mines Act of 1^7 called for waterii^ 
before shot-firing in a "dry and dusty place," for a distance of 20 yd. 
from the shot. 

In this decade, there was a larger use of safety lamps and general 
precautions in preventing ignition of firedamp, which probably was help- 
ful in reducing explosion disasters in British mines to 26 and deaths 
to 1292. 

French Anti-coaii-dust Expeosibilitt Conclusions 

In 1882, the distinguished French scientists. Mallard and Le Chatelier, 
after studying mine-explosion evidence and making tests of coal dust in 
conjunction with more or less firedamp, concluded that it was necessary 
that firedamp be present with coal dust to obtain explosibility of the latter 
and therefore if firedamp was well removed from the mine by ventilation, 
there was little danger from the coal dust. At that time, and even after 
the Courri^res disaster in 1906, it was common practice, in getting coal 
from workings, to shovel or dump the coal down vertical winzes or steep 
chutes to a haulage level below, thus making clouds of dust in the vicinity. 

Although a great explosion occurred in the Verpellieux colliery in 1889, 
taking 207 lives, and one in the Pilisnier colliery in 1890, killing 113, 
the view of Mallard and Le Chatelier had a most important influence in 
preventing recognition of the coal-dust hazard until after the Courridres 
disaster. Meantime, the French mines were taking the greatest care as 
regards firedamp, and certain mines in the Pas-de-Calais-Nord district 
were the first to sample and analyze the air of the mine systematically 
each day. 

German Gallery Testing 

In Germany, the Prussian Firedamp Commission began, in 1884, to 
experiment with coal dust and coal dust and gas in a surface gallery 
167 ft. long, in the Saar. Its conclusions are not very definite on the 
question of coal dust being an explosive agent in air only, but it compro- 
mised by saying that coal dust of certain descriptions may propagate 
flame of a blown-out shot even beyond the limits of the dust deposits. 

The Austrian Mine Explosion Commission, which began testing in a 
gallery in 1886, reached conclusions that coal dust was dangerous 
and could be ignited by 100 gm. of dynamite but did not affirm that it 
would propagate an explosion to indefinite limits. 

United States Mine Explosions Prior to 1881 

The United States, during the decades previous to 1881, had compara- 
tively few major explosion disasters, the exceptions being four disasters in 
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the limited but gaseous Richmond, Va., basin. The production of bitu- 
minous coal in the entire United States in 1880 had reached only 43,000,- 
000 tons and much of this was mined by undercutting with picks. The 
bituminous production of the country rapidly increased after 1880 and, 
by 1890, had reached 111,000,000 tons or two and one-half times as much 
as in 1880. This increase was accompanied by the occurrence of large 
explosions from 1881 to 1884, inclusive, when there were seven explosions, 
costing over 10 lives each. The explosion at the Pocahontas Mine, 
Virginia, which caused 114 fatalities, was attributed, by the committee 
appointed by this Institute, to ‘'dust alone or dust quickened by an 
admixture of firedamp too slight for detection.'^® 

W. N. and J. B. Atkinson issued, in 1886, their publication on Explo- 
sions in Coal Mines; they designated coal dust as the principal factor 
in a group of explosions they had investigated, and in certain explosions 
as the sole factor. 

Garforth^s Observations op Altofts Mine Explosion Regarding 

Stone Dust 

In 1887, the now famous Altofts mine explosion occurred, and the 
observation then made by William Garforth during the investigation led 
him later to propose a new method of coal-dust explosion prevention — 
stone dusting. The explosion did not claim a large number of victims, 
only 22, but the coroner’s verdict placed the cause wholly on coal dust. 
This was the first time, at least in Great Britain, that such a verdict had 
been rendered. Mr. Garforth (later Sir William Garforth) , the agent and 
general manager, noted that the explosion had not penetrated any of the 
naturally shale-dusted passages. This fact led later to suggestions, 
reported in the evidence given to the Royal Commission on Coal Dust in 
Mines, July 2, 1891, that experiments should be made on different kinds 
of coal dust and ‘‘dirt” dust. “ I believe dirt dust will really be the means 
of preventing an explosion in certain roads more so than watering. ’ ’ Other 
persons had commented, among them the author,® that natural admixing 
of shale and clay with coal dust prevented propagation but here is a sug- 
gestion for the first time, so far as the author can find, of introducing into 
the mine road inert material to neutralize the explosibility of coal dust. 

1891-1900 

British Mine' Explosions 

In Great Britain, this decade marked a great reduction of disastrous 
explosions. Only 10 occurred in which 10 or more men were killed, 
including the great disaster at Albion, Wales, costing 290 lives. The 

» Trans. (1885) 18, 237. 

* Pekay (Iowa) Mine Explosion. Jnl. Illinois Min. Inst. (1893) 8, 54. 
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total loss for the decade, is only 733 lives, which is 43 per cent, less 
than in the previous decade. This reduction, in part, was probably due 
to good fortune but chiefly to improvements that lessened the liability of 
igniting methane and coal dust; so-called flameless or safety explosives, 
first developed in Germany and France, began to be used in Great 
Britain at the beginning of the decade. In 1897, the British Govern- 
ment installed gas and coal-dust galleries or tubes for testing mining 
explosives at the Woolwich Arsenal. 

The British Commission on Coal Dust sat from 1891 to 1894. Gallo- 
way gave testimony, in 1891, indicating that he was strongly of the 
opinion that coal dust in air only was capable of canning on an explo- 
sion. Explosibility varied with fineness of dust and had no connection 
with chemical composition and he thought that the finest dust from 
all kinds of coal, except anthracite, was explosive. We now know that 
relative explosibility depends on the volatile combustible ratio, the non- 
combustible present, as well as the fineness. Also, with natural coal 
mine dusts, it is probable that the structure of the particles is a factor 
in relative inflammability or ease of ignition. 

Safety Explosives Approval, Germany and France 

In Germany, explosives-testing apparatus, of a kind still used, had 
been developed by explosives manufacturers. In 1894, a gallery for 
testing explosives in gas and dust was established by the mine opera- 
tors at Gelsenkirchen. The Prussian Firedamp Commission, as a result 
of further testing, declared that black powder, other slow explosives, and 
also dynamite, should not be used in the presence of firedamp when 
there was enough to make a clearly perceptible ‘‘cap^' in a safety lamp, 
which would mean 1 to 2 per cent., depending on the lamp used. 

The French, after numerous laboratory tests, decided that no explo- 
sive should be used in a gaseous mine, when the calculated temperature 
of the explosives, in exploding, exceeded 1500® C., which tempera- 
ture they considered would prevent the ignition of firedamp. In this 
decade (1890-1900) they were still acting on the conclusions of Mal- 
lard and Le Chatelier, that coal dust was unimportant if precaution was 
taken against firedamp. 

Mine Explosions in the United States 

In the United States, during this decade 18 explosions costing 10 
or more lives each, occurred in the bituminous mines, but there was only 
one great disaster attributable to coal dust, that of Scofield, Utah (May 
1, 1900), with 200 deaths. Watering the dusts was increasingly prac- 
ticed but not enough to be an important factor. During this period (in 
1897), in the Middle West, a change was made by labor agreements and, 
in some States, by legal enactment, under which a miner was no longer 
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paid on the amount of lump coal he produced, but on the basis of the 
run-of-mine he loaded. This led to the exce^ve use of explosives and 
“shooting off the solid” which restilted in so many explosions, most of 
them fortunately limited in fatalities, that the system was introduced 
of shot-firii^ when all persons except the shot-firers were out of the 
mine. Thus, while there were just as many explosions, some of them 
widespread and causing property destruction, only the shot-firers were 
killed. In the Indian Territory (Oklahoma) alone, between November, 
1893, and the end of the decade there were recorded 22 shot-firers’ 
explosions with 33 fatalities, although the district then produced less 
than 2,000,000 tons of coal per aimum. 

1901-1910 

United States Mine Explosions 

This is the most important decade as concerns coal dust, although 
in the first half there were no unusual happenings. In the United 
States, shot-firers’ deaths continued to occur with an alarming fre- 
quency. As regards major disasters, there were 22 explosions killing 
over 10 men each, from 1901 to 1905, inclusive. The larger explosions 
were Coal Creek, Term. (184); Rolling Mill, Pa. (112); Hanna, Wyo. 
(169); Harwick, Pa. (178); and Virginia City, Ala. (111). Watering 
methods were more extensively used in this period to reduce coal dust, 
and some use of the so-called safety explosives of German type 
was made. 

Bbitish Requirement of Permitted Explosives 

Great Britain, in 1896, had enacted a regulation that any explosive 
likely to be dangerous might be prohibited for use in mines and later 
began testing explosives at Woolwich. In 1902, it followed the practice 
of Belgium, Germany, and France, and adopted an approval system 
for explosives used in gaseous and dusty mines, and issued a "permitted ” 
list. This list was modified from time to time as the test requirements 
were increased. 

The explosion disasters in Great Britain, between 1901 and 1905, 
were relatively few — 5 occurred costing 10 or more lives, with a total of 
260 deaths. 

French and Belgium Mine Explosions 

France had few disasters in the first five years; Belgium, as usual, had 
few. Bel^an mines are very gaseous but the coal-dust problem away 
from the face has been inconsequential; there is so much natural mixing 
of shale dust and clay. The greatest care was taken to avoid accumula- 
tions of coal dust, only officially approved explosives were used, and 
watering down in the vicinity of a shot was done before firing. 
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Gebmant 

Germany employed watering extensively at this period. Its deep 
hot mines were very humid and the hookworm became a menace imtil 
hygienic remedies were found. Nevertheless serious explosions occurred 
from time to time. 

CouBBikBES Mine Explosion, France 

The second five years, 1906 to 1910, opened with the most serious mine 
disaster in history, the Courridres explosion, in France, which occurred 
March 10, 1906, killing 1100 men in what was rated a non-gaseous mine. 
Unquestionably from the evidence gathered it was due to a coal-dust 
explosion, the dust being ignited by a blown-out shot. 

LifiviN, France, Testing Station Establishment 

This disaster immediately led the Central Committee of Coal 
Operators of France to establish a coal-dust explosion station with gallery 
at Li4vin, in charge of a Government mining engineer, J. Taffanel. He 
employed more carefully controlled testing methods than had been done 
hitherto in gallery experiments. The first gallery was a small one 
arranged in an ellipse to give a closed circuit for air currents imtil certain 
paper diaphragms were ruptured by a shot. Prior to firing the shot, the 
air and dust were stirred and circled around by a disk fan. Taffanel 
studied the relative explosibility of prepared dust from different mines, 
by comparison of the lowest density of the dust in air, which could be 
ignited. He reported the result in August, 1907. He found the explosi- 
bility varied with the volatile combustible content of the dust. 
Meantime, the construction of a large gallery was begun, 30 sq. ft. in 
cross-section; in 1909 it was completed to a length of 750 ft., and ulti- 
mately to a length of 1000 ft. Taffanel began, in 1910, issuing his series 
of reports on the testing in the gallery. 

Altofts (England) CoAir-DXJST Gallery Establishment 

British mining men were greatly disturbed by the Courridres disaster; 
the Government sent a commission to Fiance to investigate it. A Royal 
Commission was appointed June, 1906, on questions relating to the health 
and safety of miners. The evidence on the coal-dust question continued 
to be conflicting so the Commission appointed a committee to report 
what further experiments were necessary. The committee reported, 
April 30, 1907, that large-scale experiments were necessary and 
recommended a gallery of the same diameter (7^ ft.) as that Mr. Gar- 
forth had erected in 1906 at the Altoft’s coUiery, for experimentid work. 
This g^ery was but 78 ft. long. The committee proposed to use a much 

vot. UDO.— -72 
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longer gallery, the investigation being estimated to cost £10,000. The 
Treasury declined to furnish funds so the Coal Owners Association under- 
took to provide funds for the gallery. The location selected was Altofts 
and Mr. Garforth, a member of the committee, gave personal supervision. 
Dr. R. V. Wheeler was appointed chemist. The objectives were: 

1. The demonstration of the explosive nature of a mixture of coal 
dust and air without the presence of inflammable gas. 

2. The discovery of a preventive against, or remedy for, 
such explosions. 

3. The investigation of the chemical and physical phenomena accom- 
pan 3 dng coal-dust explosions. 

Various ingenious instruments for recording pressure, the taking of 
gas samples automatically, time recorders, and circuit breakers were 
especially designed and constructed for the test work. A ventilating 
fan, coal and shale crushers, grinders, and other machinery were 
installed. The apparatus was quite different in detail to that employed 
by Taffanel, although the objectives were the same. Subsequently the 
United States borrowed ideas from both developments in designing its 
own apparatus for use in the Experimental Mine. 

The first tests in the Altofts gallery in the nature of demonstrations 
of coal-dust explosibility began on May 12, 1908. On June 13, an experi- 
ment was made with a stone-dust zone, on the return side of the 369-ft. 
coal-dust charge, and a dustless zone on the intake side. The flame 
traveled only 44 ft. into the stone-dust zone, but in the dustless zone, 
after traversing 110 ft., the explosion burst out two plates in the gallery 
wall. After similar results had been obtained when the stone dust was 
on the intake side, the owners of the Altofts colliery were convinced 
that stone dusting was a practical undertaking and proceeded to apply 
it in their mines. 

Dr. Joseph A. Holmes and the author visited the Altofts gallery in 
the latter part of July, 1908, and saw similar tests to those just described. 
These and other tests appeared to justify Mr. Garforth's long con- 
tention that stone or rock dust was effective in preventing coal dust 
from igniting or propagating an explosion. 

British Coal-Dust Committee’s Conclusions Favoring Stone 

Dusting 

The Altofts gallery testing continued through 1909, attracting the 
attention of the mining public throughout the world. An extensive 
report was published, in 1910, strongly advocating stone dusting. The 
committee concluded, regarding the value of stone dust, that it acts 
more as a diluent, thus preventing ignition, than as a specific deterrent 
in stopping an explosion that has once started. This conclusion does 
not seem entirely in accord with the tests just mentioned. The 
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committee further states *‘It would therefore seem advisable not 
to employ zones of any description, whether watered, dustless, or stone 
dust, in spite of the good results that have been given by the last-named 
in dealing with an explosion that has traveled 275 ft.” This point of 
view brings the condusions of the committee in some degree of oppo- 
sition to the condusion of Taffanel, published in 1910, but the con- 
dusions regarding ineffectiveness of zonal treatment is supported by 
the testing in this country at the Experimental Mine. 

Labqe Gallbbt Testing in Fbance 

The General Coimcil of Mines of France, an official body, published 
on August 1, 1907, a statement (in which by implication the explosi- 
bility of coal dust is admitted in contradiction to the official attitude 
prior to the Ckiurri^res disaster) that owing to the difficulties in general 
watering, as practiced in Germany, and its doubtful results, it was advis- 
able that the firedamp commission examine the merits of schistification 
of coal dust, or mixture with other inert substance, that would perhaps be 
a practical means of preventing infiammation. 

When testing in the large-size gallery at Li6vin was started in 1908, 
some ignitions were apparently prevented by as little as 10 per cent, of 
shale dust. We now know that, unless these tests were being made 
with a low-volatile coal or senuanthracite, there must have been some 
other reason for non-ignition. Apparently larger proportions of shale 
dust were not considered practical because the conclusions of Taffanel 
(published April, 1910) were that in considering watering or rock dust 
treatment in ” dispersed form” it is more difficult to stop an explosion 
than to prevent it from starting. 

Taffanel Pboposes Wateb ob Stone Babbiebs 

He stated that “if the schistification or watering is in concentrated 
form, the method is successful in the immediate extinguishment of the 
explosion.” By this Taffanel referred to what was termed a dust curtain 
or arresting barrier (arret-barrage) which in its first form was a heap 
of dirt. Then he tried troughs of water and also developed his shale- 
dust barrier consisting of ten, later fifteen, shelves across the roadway 
and near the roof, loaded with shale or cinder dust; the total loading on 
the shelves to be 4 hectoliter of inert dust per square meter (1.31 cu. ft. 
per sq. ft.) of cross-section of the passageway. 

Explosion Disastebs in United States 

In 1906, there were no explosion disasters of magnitude, but there 
were 10 costing over 10 lives each, the largest at Pocahontas, with 36 
deaths. However, the large number of shot-firers’ explosions qontinqed. 
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The year 1907 opened with four disasters in 11 days, Irilling at 
Piimero, Colo., 24; at Penco, W. Va., 12; at Fayetteville, W. Va., 85; 
and at Thomas, W. Va., 25. Then no large explosions, other than shot- 
firers’ explosions and one larger disaster at Whipple, W. Va., with 
18 deaths, occurred until December, when there were five major disasters, 
killing at Naomi, Pa., 34; at Monongah, W. Va., our greatest explosion 
disaster, 358; Yolande, Ala., 16; Darr, Pa., 239; and Carthage, N. M., 
11 — a total of 658 for that month. 

These disasters coming after the Courri^res disaster and other 
explosions in Europe, caused a general belief that there must be some 
mysterious reason for these occurrences, one after another. Congress 
therefore, appropriated funds for the investigation of mine accidents and 
particularly mine explosions. This was the first time a Federal appro- 
priation relating to the technical mining investigations had been made. 
The work was placed in the Technologic Branch of the U. S. Geological 
Survey, with Dr. Joseph A. Holmes as chief of the branch. The appro- 
priation was available on July 1, 1908. Doctor Holmes meantime plan- 
ned the organization of the investigation and had an explosives engineer, 
Clarence Hall, visit explosives testing stations in Europe, to gather data 
on testing apparatus. As the author had experience in explosion inves- 
tigations, Doctor Holmes invited him to join the work and they both 
immediately went abroad to examine the new coal-dust testing galleries 
and methods then being followed for accident prevention undergroimd. 

In 1908, watering was not generally used in mines, except in German 
mines where sprinkling was mandatory. Yet German mines continued 
to have widespread explosions as at the Reden colliery, in the Saar, in 1907, 
with 150 fatalities, and at the Radbod colliery, Westphalia, in 1908, with 
348 fatalities. 

It was beginning to be accepted that extensive mine explosions would 
not occur unless coal dust other than anthracite was present, because 
these explosions traversed the intake entries, which usually were the 
haulage roads, rather than traversing the return entries which might have 
some firedamp but usually were not used for haulage, so did not have coal 
dust. At that time, so-called ‘'flamelem” or “safety" explosives were 
being required in European mines that were rated as gaseous or dusty, 
and this included practically all of the Continental mines and most of the 
British. Safety lamps were always required in deep Continental coal 
mines and in most mines in Great Britain. 

Meantime, a gallery was erected at Pittsburgh, Pa., in connection with 
a newly established mine experiment station on the “Arsenal grounds." 
The gallery was 6^ ft. in diameter and 100 ft. long, and was used for 
testing explosives in the presence of firedamp or coal dust or both 
together, It was also iised for preliminaiy tests of coal-dust explosibilify. 
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EzFLosiBnirrT op Coal Dost 

Starting in the fall of 1908, the author conducted tests of a preliminary 
character on the relative explosibility of particles of different sizes of 
Pittsburgh coal. He tentatively concluded and reported that what passed 
through a 20-mesh sieve should be considered as “ dust.” This definition 
of size later proved satisfactory in the experimental mine testing and 
has since been iised as the Bureau of Mines standard coarser limit for all 
coal and rock particles specified or tested as dust. The British Mines 
Department later specified safety-lamp gage —28 mesh as its larger 
limit. The least unit amount of Pittsburgh dust of the “pulverized” 
size (through 200-mesh) that would ignite from a blown-out shot of black 
powder was also determined, tentatively. The amount of water required 
to make coal dust too wet to propagate an explosion was tested and found 
to be much higher than had been thought necessary. It required about 
30 per cent, of water in the mixture of pulverized dust to prevent the 
raising of dust into a dust cloud that would propagate an explosion. 
This was later confirmed by the British testing at i^kmeals. However, 
smaller percentages of water are necessary to allay coarse dust but in 
any case the amount of water present must reduce the dust to a mud. 
Some testing of a preliminary nature of the relative explosibility of 
dusts of different chemical composition was done; also tests of the effect of 
inert material were made.^ The results were published in Bulletin 425. 

Permissible Explosives Testing and List of Approvals 

Meantime testing of so-called safety explosives was begun and by the 
end of 1908, a schedule of tests for “permissibility” of explosives for use in 
gaseous and dusty mines were issued. Soon afterward, testing was begun 
of explosives submitted by manufacturers, who assisted this development 
in every way. By May 15, of twenty-nine submitted seventeen were 
approved. The Bureau having no mandatory, but only recommenda- 
tory, powers, the substitution of “permissible explosives” for black 
powder and dynamite was slow at first but later increased rapidly, 
through the initiative of the coal-mine operators and the favorable atti- 
tude of State inspection departments, until now there are practically no 
mines rated as “gaseous” that do not use “permissible explosives.” 

Explosion Disasters in United States, 1908-10 

No general change in coal-dust neutralizing methods had taken place 
and many small explosions as well as large disasters occurred, in 1908, in 
the United States. The largest were at Hanna, Wyo., with 59 deatiis; 

' The Exploeibility of Coal Dust. George S. Bice et al.: U. S. Geol. Sur. BtiB. 
425 (1910). Bevised and reprinted as Bur. oi Mines Bvll. 20 (1911). 
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Mariana^ Pa., with 154 deaths; and lick Branch, Dec. 29, with 54 fatali- 
ties. These were followed in 1909 by the Ziegler mine disaster, with 26 
deaths, and a second explosion at Lick Branch, only 14 days after the 
first, with 69 lives lost. The year 1910, also, had numerous small explo- 
sions and some large ones; Primero, Colo., with 75 deaths; Mulga, Ala., 
with 40; Palos, Ala., 83; Starkville, Colo., 56; and Delagua, Colo., 79. 
Many of these mines employed watering or sprays extensively, notably at 
Mulga, and the levels and stope of the pitching Palos mine were naturally 
wet, though the rooms and chutes were dry. 

1911-1920 

The early part of this decade was marked by intensive large-scals 
gallery testing in France, England, Germany, and in a mine in thie 
country. Great Britain and the United States experienced disastrous 
explosions, but France and Germany had few disasters. 

The United States continued using the watering system, ineffectively 
in most mines. But the use of permissible explosives in gaseous mines 
and the introduction of approved or permissible electric undercutting 
machines in some mines prevented conditions from becoming worse with 
rapidly increasing mine production. In Great Britain, a few mines 
started to stone dust but most mines relied on eliminating sources of 
ignition, as the Altofts tests had not yet carried general conviction. 
French mines, with approval of the Government, put TaffanePs recom- 
mendations for ''shale barriers'^ into effect with good results except 
in the gaseous La Clarence mine, where they failed.® In Germany, they 
continued extensive watering and hydraulic sand filling began to be 
extensively used, which helped watering. The great reliance of the 
German engineers, however, was in preventing sources of ignition. 

British Coal-dust Investigations 

The Altofts gallery tests were suspended in 1909 and the report of 
the Coal Owners Committee was published in 1910. The Government 
decided to take over the work and, in 1911, the gallery was removed to 
Eskmeals, Cumberland, where intensive testing of dust mixtures under 
the direction of Dr. R. V. Wheeler was carried on from 1912 to 1915, 
and a series of most valuable reports was issued, the concluding report 
recommending generalized stone dusting. Barriers did not meet favor. 

French Coal-dust Investigations 

The Lievin gallery, under Taffanel, was in active use until work 
was stopped, in 1914, by the great war. The gallery soon after was 

* M. Taffanel ascribed this failure to insufficient inert dust in any one set of barriers 
and it did not destroy his confidence, or that of the mine operators, in the general 
principle of barriers. 
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destroyed by bombardment. Taffanel’s inyestigations were largely 
directed to determining the effect of different mixtures of inert dust 
with coal dust and for different kinds of coal dust. He also carried on 
some confirmatory tests in an old gallery of the Commentry mine. He 
evolved formulas, from his data, to be applied to different categories of 
coal dust and for different conditions; which were to be used by the 
different mines accordii^ to the kind of coal mined, as regards volatile 
combustible and other conditions. These were gradually taken up 
by the more progresmve mines. As his work progressed, shale-dust 
barriers were standardized but he then took the position, which the author 
had taken, that they were secondary defenses, or to be used where diffi- 
cult to use generalized rock dusting. 

Gebman Coal-dust Investigations 

In Germany, a gallery erected, in 1911, by the Westphalian Syndi- 
cate under a Government engineer, Beyling, carried on testing of water 
curtains, of wet peat along the sides, but did not take up, the author 
understands, rock-dusting methods until after the war. 

United States Coal-dust Investigations 

In the United States, after the preliminary testing in the 100-ft. 
gallery (in 1908-9), it was decided that little more could be done until 
either a longer gallery or, what was really desired, a mine could be 
obtained. Meantime, the author and his associates investigated with 
the greatest care all mine explosions, and there was ample opportunity 
from the number which occurred. BuUetin 425* had described both 
wet and dry methods of treating coal dust for explosion prevention. 
Miners’ Circular of the Bureau, issued in 1911, although emphasizing rock 
dusting, also gave both methods, as, untU more testing had been done, 
the Bureau was not prepared to discriminate officially. 

In 1910, the Bureau of Mines was organized by a Congresaonal act, 
and took over the functions of the Technologic Branch of the U. S. 
Geological Survey, and Doctor Holmes was appointed Director. 

Doctor Holmes was heartily in favor of conducting tests in a mine, 
not only because the results of tests would be more convincing to mining 
men, some of whom were skeptical of the gallery tests abroad and at Pitts- 
burgh, but because the arrangements of rooms, entries, crosscuts, etc. in 
commercial coal mines, together with their conditions of temperature, 
rough walls, etc. could not be duplicated in surface galleries. The adop- 
tion of a mine for testing purposes has been fully justified and, in funda- 
mentals, the test results have been accepted by European investigators.^* 

•Loe. ett. (1911). 

** Reasoiw for establishing the Experimental Mine were given in a papa: read 
before the Western Society of Ihigineers (Chicago) 1910. 
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EbCPBBlHBNTAL MlNB DEVELOPMENT 

After a futile search for a suitable abandoned mine within 10 or 12 
miles of the Pittsburgh Station, the present Experimental Mine near 
Bruceton (10 miles from Pittsbui^h, Pa.), in the Pittsburgh coal bed was 
started from the outcrop in December, 1910. The mine and subsequent 
testing up to October, 1914, were described in a paper before this Institute 
of that date and in Bureau publications.^^ 

In September, 1912, with the object of interchange of information 
and advice as to the best methods of testing in the Experimental Mine, 
an informal conference of mine-experiment stations was called at 



Pittsburgh; it was attended by representatives of Austria-Hungary, 
Belgium, France, and Germany, and unofficially by England. Demon- 
stration tests were made at the Experimental Mine and the various 
problems relating to methods of testing coal dust, mine gases, explo- 
sives, safety lamps, etc. were discussed.^* Those who are interested in 
studying the different points of view on methods of testing in Great 
Britain and the United States in the coal-dust question should read the 
discussion of a paper that the author gave, by invitation, to the (British) 

“ Bureau of Mines BvUs. 44 (1912); 56 (1913); 82 (1914); 167 (1922); and Ttek. 
Paper 84 (1915). 

» International Conference of Mine Experiment Stations (1912). Bur. of Mines 
Buff. 82 (1914). 
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Institution of Mining Engineers in 1915, entitled “American Coal- 
dust Investigations.” 

The Bureau’s experiments were directed: 

1. To determining the fundamental factors of ignition and 
propagation of coal-dust explosions and the mechanics and chemistry 
relating thereto: (a) with no firedamp present; (b) in the presence of 
firedamp. The conduct of the work underground permitted the testing 
of coal dust with different percentages of firedamp (natural gas, 85 per 
cent, methane) which had not been systematicdly done in European 
galleries, and found that firedamp had an important influence propor- 
tionate to the amount of inflammable gas present, on both ignition 
and propagation. 

2. To determine methods of preventing and limiting explosions in which 
were tried : (a) Methods of laying the dust to prevent its rising in the air, by 
wetting, humidifying, and deliquescent salt sprinkling; (5) neutralizing the 
explosibility of the coal dust, by strewing enough inert or non-combustible 
dust, which would rise into the air with the coal dust — in other words, 
stone dusting, or as the Bureau early termed it (1909) rock dusting; (c) 
limiting an explosion by dustless zones, watered zones, rock-dust zones, 
and rock-dust barriers, both simple shelves such as Taffanel used, and 
the enclosed barriers, which the author des^ned — both depending on the 
“pioneering” air wave to function. 

The findings in these investigations are reported in detail in a Bureau 
of Mines bulletin.** 

Status of Testing at Experimental Mine During and Following 

War, to 1920 

The most important inclusions are stated in the summary of the paper. 
The bulk of the explosion testing was done from 1913 to 1916, inclusive. 
When the United States entered the war, early in 1917, as in the coun- 
tries previously engaged, all energies of Government research bureaus 
were directed toward war problems and the Experimental Mine and its 
personnel were engaged in various special problems, such as sound rang- 
ing, development of liquid-oxygen explosives for industrial uses, if nitrates 
imports became more difficult because of submarine warfare, and like 
inquiries. Following the close of the war, coal-dust investigations were 
further interrupted by use of the Experimental Mine for ventilation 
testing to determine fundamental factors with reference to mine ventila- 
tion and for investigations concerning the unique ventilation problem 
presented by the New York-New Jersey Vehicular Tunnel project, now 
under construction. A tunnel on about one-third scale in cross-section 


** Geoige S. Bice, L. M. Jones, W. L. £^, and H. P. Greenwald: CoaJ-dust 
ExpkNROQ Teats in Experimental Mine, 1913 to 1918. Bur. of Mines BuU. 167 (1922). 
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was constructed in the mine and a proposed new method of ventilation, 
transverse instead of longitudinal, was tested, using ten automobiles, 
with elaborate ventilation, temperature, and chemical control. 

Ettbopban CoAL-nusT Investigations Following the Wab, up to 

1920 

Comparatively little large-scale explosion testing was done in Europe 
for several years after the war. The French Li4vin gallery has not 
been replaced; in fact, the French authorities are quite satisfied with 
the reports and conclusions of M. Taffanel, although while on his visit 
to the Experimental Mine in 1914, just prior to the war, where he studied 
and advised on our methods, he stated that there were so many factors 
in the coal-dust explosion phenomenon that it would take an indefinite 
number of years of experimenting to reach satisfactory answers to some 
of the countless problems. 

The British carried on some further testing at Eskmeals, but their 
attention was primarily directed to laboratory investigations of funda- 
mental physical and chemical factors. 

Bbitish Stone-ousting Obdeb of 1920 

As a result of the report (published Sept. 13, 1914) by the Explo- 
sion in Mines Committee just prior to the war, and perhaps also, it is 
surmised, because mine-explosion disasters were occasionally occurring, 
as for example at the Minnie pit, Staffordshire, in 1918 with 155 deaths, 
the Mines Department issued General Regulations effective Jan. 1, 1921, 
requiring that: 

All mines in which coal other than anthracite is worked, except mines of which 
the floor, roof and sides of the roads are naturally wet throughout . . . shall be 
treated with incombustible dust in such manner and at such intervals, as will insure 
that the dust on the floor, roof and sides throughout shall always consist of a mixture 
containing not more than 50 per cent, of combustible matter . . . or, if treated with 
water, that the dust ... is always combined with 30 per cent, by weight of water 
in intimate mixture . . . provided that the percentage of incombustible dust 
required . . . may be reduced by an amount equivalent to the percentage of water 
present in the mixture. 

The application of such an amount of water, as called for, was gen- 
erally thought impracticable of attainment, apart from the question of 
damage to roof and ribs, which in most deep mines are very dry. Accord- 
ingly the order was regarded equivalent to requiring generalized stone 
dusting and the greater number of mines proceeded to introduce it. 

The other salient points of the order are that the stone dust used 
shall be of a fineness that 50 per cent, will pass through a 200-mesh 
sieve; that the stone dusting shall extend within 10 yd. of the coal face 
and that "representative tests," which assume gystematic sampling. 
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"shaU be made by the management at intervals of not less than once a 
month, and the results shall be posted at the pit head.” 

Amended British Stone-dusting Obdeb of 1924 

A recent order (Nov. 20, 1924) amended the previous order by mak- 
ing no exception in respect to mines in which the roads are natmrally 
wet, and making them subject to the requirement of 30 per cent, of water 
in the mixture. This change was probably brought about by occurrence, 
since the order of 1920, of a number of explosion disasters in “naturally 
wet” mines. 

Another important amendment was that the floor, roof (including 
roof timbers), and sides respectively should receive separate considera- 
tion and representative samples taken separately; that is, each on 
analysis must show no more than 50 per cent, combustible content, or 
else the mixture should contain 30 p>er cent, or more of water. 

The representative samples are to be taken “over an area of road 
not less than 50 yd. in length” and each sample (of floor, roof, and 
sides, respectively) must be well mixed, and a portion of the mixture 
sieved through a 28-mesh sieve. The resulting sample, as under the 
old order, is weighed, dried to determine moisture, and incinerated to 
determine loss of combustible matter, or if the method is not appro- 
priate for the kind of dust (limestone for example) some other method 
may be prescribed. The tests must be made monthly or more frequently 
and the results must be not only posted at the pit head, but recorded in 
a book kept for the purpose. 

It is evident that the new order is considerably more drastic than 
the old, in requiring that the dust on floor, roof, and sides, respectively, 
each have less than 50 per cent, of combustible content. It will tend 
to make the average non-combustible content in a given section or 
zone of roadway well over 65 or 70 per cent., as in bringing the dust on 
any one of the three, floor, roof, and sides up to requirements, it is likely 
to cause excess in the other two. The alternative method, watering, 
is I think practically impossible, if the requirements are met. 


Pboqbess of Rock Dusting in the United States 

Some of the disasters investigated by the author between 1908 and 
1914 brought increasing conviction that watering or natural dampness 
would not give protection from coal-dust explosions propagation. These 
disasters were; 
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Fatautixs 


Nov. 29, 1908, Marianna, Pa 164 

Jan. 13, 1910, Primero, Colo 76 

April 20, 1910, Mulga, Ala 40 . 

May 5, 1910, Palos, Ala 83 (slope wet) 

April 8, 1911, Banner, Ala 128 

Oct. 22, 1913, Dawson, N. Mex 263 

Nov. 18, 1913, Acton, Ala 24 

April 28, 1914, Eccles, W. Va 181 


Other mines, in which explosion disasters occurred, which were person- 
ally investigated by the writer during this period, prior to explosions had 
done little or nothing regarding watering, but the mines in the foregoing 
list were said to have employed systematic sprinkling or else, in a couple 
of cases, the mines were considered to be naturally wet, and were wet 
in places even after the explosion. 

The publications prepared by the writer and associates from 1911 
on, increasingly emphasized rock dust as one method of coal-dust explo- 
sion prevention and pointed out that if watering was done the dust must 
be so wet that it was mud, or it would not be effective. 

Many Bureau reports on individual mine disasters recommended rock 
dusting. These reports are made only confidentially to the mine operator 
concerned, because it is the function of the respective State department to 
investigate officially and legally require such improvements or changes 
as decided upon. 

The late William J. Murray, of the Victor Fuel Co., of Colorado, with 
his assistants, decided to try dusting with adobe in one of its mines, 
following a conference between Mr. Murray and the author at Trinidad, 
Colo., while the latter was investigating the Primero mine explosion of 
Jan. 31, 1910. 

In 1911, Mr. Murray started adobe dusting in the Delagua Mine, 
Colo., in the main trolley haulage roadway, applying it with a fan dis- 
tributor mounted on a mine truck that was moved by a trolley 
locomotive. The dusting was continued for some years until Murray^s 
retirement and death, when it was dropped. A few other companies in 
the West and the East also made preliminary trials but did not 
follow it up. 

In 1916, after a year’s trial, with favorable results, of a stretch of 
rock dusting in a commercial mine in the Pittsburgh district, the Bureau 
engineers thought that the time had- come for further developments and 
issued a circular letter to manufacturers of crushing machinery (which 
was also published in Coal Age, April 15, 1916) stating, ^^As a result of 
mine-explosion experiments at the Experimental Mine and explosion- 
prevention investigations in the field, the Bureau strongly recommends 
the use of finely crushed or pulverized rock dust having no combustible 
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matteri or a very small percentage, as a preventive for coid-mine 
explosions/' The circular suggested that this was a new field for crushing 
or pulverizing machinery; also that there was need of a mechanical rock- 
dust distributor. The distributor at the Experimental Mine was 
described and illustrated and the suggestion was made that the flexible 
discharge pipe could be connected with pipes through crosscut stoppings 
for rock dusting back entries that had no tracks. 

This proposal had no apparent results. In view of the present 
enthusiasm of many for rock dusting, it is difficult to explain why mine 
operators did not take it up earlier. Perhaps it may be explained on the 
ground that the Bureau of Mines in its formal publications had 
not declared, until later, a strong preference but had described wetting 
methods as well as rock dusting for explosion prevention. Another 
reason may be that prior to and during the world war, the operators were 
too busy to think of new methods and for four years following the war to 
1922 the United States experienced no major coal dust explosions. 

Experience op Old Ben Coal Corporation with Rock Dusting 

In 1918, the Old Ben Coal Corporation of southern Illinois, of which 
J. E. Jones is the safety engineer, had a bad explosion that killed aU men 
in the mine (fortunately there were but 17 men in the mine at the time). 
The company sent samples of its coal to the Experimental Mine for test- 
ing. Rock dust and rock-dust barriers were successfully demonstrated. 
The company decided to use barriers and Mr. Jones designed and installed 
some on the same principle but slightly differing from two of those 
described in the author's paper of 1914. The company has since had 
seven explosions, all of which were stopped by barriers, saving hundreds 
of lives. 

However, as some men were killed in these explosions inby or between 
barriers, the company decided, about a year ago, to use generalized rock- 
or shale-dusting. The shale was obtained from the roof and Mr. Jones 
has developed a rock-dusting machine, the fan motor being driven from 
the trolley wire. 

Official Approval by the Bureau op Mines op Rock-dusting 

Method 

In 1922 and 1923, there were sixteen explosion disasters, in which coal 
dust was considered to be the cause of propagation, causing 530 fatalities. 
This aroused anxiety, especially as at several of these mines efforts were 
made by the respective operators to sprinkle thoroughly. 

Director Bain decided, in the spring of 1923, that the time had come 
for the Bureau of Mines to take a decided stand, that watering even with 
the best of intentions had not proved efficient as practiced. Whereas, 
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on the basis of the Bureau’s tests and reconunendations of its investi- 
gators in the coal-dust question, generalized rock dusting had been 
demonstrated to be a positive means of preventing explosions. 

Investigations of Rock-dustino Methods in Gbbat Bbitain and 

France 

The writer was detailed to visit European mines on certain matters 
and, in particular, to study the methods of rock dusting being practiced 
in Great Britain and France. Typical mines in different districts were 
visited and he was greatly impressed with what was being done at most 
of the mines, in the thorough way rock dusting had been done. In one 
respect the problem in Great Britain is easier, as the longwall method 
is almost universal and hence there is considerable natural stone dust- 
ing on the newer roads or roads near the faces and in the air courses. 
Also they do not have rapid haulage nor the hazards of trolley wires 
and bare power cables. Nor is there the spalling off of the coal ribs and 
coal roof, as in many American mines. 

One of the features of stone-dusting practice in Great Britain that 
most impressed the author was the method of systematic sampling and 
recording and of sending monthly duplicate reports to the Inspector 
of Mines, so the condition of the roadways in respect to the coal-dust 
hazard was under constant supervmon by the mine owner and checked 
by the Government inspectors.^* 

CobPBkATION WITH GbBAT BRITAIN ON MlNE-SAPETT RESEARCH • 

(1924) 

Following informal conferences in the summer of 1923 at the Eskmeals 
Station, with Dr. R. V. Wheeler, in charge of research work, under the 
Safety in Mines Research Board, and later with that committee, a pro- 
posal was made by the Secretary for Mines to the Director of the Bureau 
of Mines through the Secretaries of State and Interior for a codperation 
on research rdating to safety in mining. 

This proposal was accepted and an interchange of information and 
of personnel was arranged. Under this codperation H. P. Greenwald, 
physicist in charge of the technical matters in the Experimental Mine 
investigations, was detaQed to Great Britain this last summer and fall, 
mid was placed, by Doctor Wheeler, in charge of the explosion-gallery 
testing for that period. Interchange of laboratory research matters 
has been going on with great advantage to both sides of the codperation. 

Doctor Wheeler and Henry Walker (then deputy, now chief inspec- 
tor of mines) visited tiiis country a year and a half ago to make further 

llie Autiior’s report on rock dusting to prevent coal-dust ezplorions in Great 
Britain and France was issued in Fdbruaiy, 1024, as Bur. of Mines Butt. 225. 
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plans for the cooperation and they assisted in conferences with mine 
operators and mining engineers on rock dusting held at Pittsburgh, 
Chicago, and Benton, 111. These conferences were most influential in 
bringing to the attention of the mining men the merits of rook dusting, 
as practiced in Great Britain, in the prevention of major explosions in 
rock-dusted mines, in contrast with disasters that ^d occurred in 
so-called naturally wet mines. Subsequently, conferences on rock 
dusting were held in the Rocky Mountain coal-mining centers, which 
were attended by J. E. Jones, who kindly served the Bureau as con- 
sulting engineer in carrying on the rock-dusting campaign. Since these 
conferences, all the coal-mining institutes that have had meetings have 
devoted at least one session to rock dusting. 

One of the most helpful features in the advancement of rock dusting 
has been the giving of credits by the accident liability insurance com- 
panies to mines using rock dusting, thus lessening the premium paid by 
mining companies. The state of Utah has also set an example by requir- 
ing rock dusting and the Mine Inspectors Institute of America, in a 
meeting held last May (14 and 16) at Cincinnati, made recommendations 
prescribing it in a tentative model for State mine regulations. 

Tentative Specifications of Bureau of Mines for Rock Dusting 

Last spring, the Bureau issued tentative specifications on rock dusting 
(Serial 2606, by Rice, Paul, and Sayers). Meantime, the Pittsburgh 
laboratory of the Bureau has made hundreds of microscopic and chemical 
analyses to determine the suitability of the rock dust on the basis of the 
tentative specifications and the Chief Surgeon, Dr. R. R. Sayers, has 
been conducting physiological tests to determine advisable limits of free 
silica and the effect of different dust mixtures. Recently, a committee 
of the Institute, Howard N. Eavenson, chairman, in cooperation with 
the Mining Standardization Correlating Committee, has undertaken to 
draw up standard specifications. 

Future Coal-dust Explosion and Prevention Investigation 

While the most important factors of coal-dust explosibility are now 
fairly well known, the infinite number of problems, through different 
combinations of coal dust, firedamp, inert dusts, and methods of igni- 
tion, have hardly been touched. For example, coal-dust characteristics 
vary much more than the varieties of coal beds from which the dust is 
formed, both in physical structure of the particles and in chemical com- 
position, because it may be formed from softer layers or benches different 
from the average composition of the whole bed. 

Then there are differences in ash material, whether ash of composition 
or external, and the effect of water of composition in contrast to adsorbed 
and external wetness that must be studied. Investigators have only 

TOL. ucxi. — 78 
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slightly touched on questions of side openings from a roadway and the 
increase in cross-section near the initiatory point of an explosion, also 
the effect of bends and irregularities as compared with straight entries. 
The effect of timber in producing eddying on propagation of an explo- 
sion and of large falls of roof, which in certain cases as at the Benwood, 
W. Va., explosion of April, 1924, appear to stop the explosion in that 
direction. This refers to extensive falls of roof due to timbers being 
knocked out by the pioneering wave. Again, there is the effect of 
reflected waves in stopping an incipient explosion. Finally, there are the 
problems of the relative position of coal dust and rock dust, and of the 
position of rock-dust barriers, with reference to side openings and 
enlarged places in the immediate vicinity. The importance of size of 
rock-dust particles has been studied but more information is needed. 
There is also the question how near the face must rock dust be carried 
under different conditions. For example, the British orders call for its 
distribution to within 10 yd. of the face, which in most instances means 
the longwall face. 

Sampling to Determine Condition op Mine Dust 

The method of sampling road dust in order to determine, from time to 
time, the amount of combustible in the dust is important. It is not a 
simple problem. The British orders contemplate only qualitative deter- 
mination of the composition of the dust. The method was less important 
under the old order; but under the amended order, in which the dust on 
floor, roof, and sides are considered separately, the problem becomes more 
difiScult. For example, a high combustible content of a few ounces of 
roof dust per linear foot of passage would offset the advantage of a very 
low combustible content of several pounds of dust per linear foot from 
the sides or floor, and would require redusting of the zone. This plan 
is in the interest of safety, but adds to the work and cost of rock dusting. 
The Bureau of Mines has hitherto recommended quantitative sampling, 
to include all the loose dust in a given section — roof, timber, sides and 
floor — ^to determine from the analyses or volumetric method,^® the need 
of redusting in the particular zone. 

Further, the British method of sampling the dust, which was observed 
in certain mines, is to take a number of grab samples along a given area 
60 yd. in length and mix these together. The method recommended by 
the Bureau has been to take the sample cross-sectioning the passage, 
where there appears to be an average thickness of dust, to include all loose 
dust from roof, timbers, sides, and floor. It is gathered by scoop^® and 

i‘A. C. Fieldner, W. A. Selvig and F. D. Osgood: The Quick Determination of 
Incombustible Matter in Coal and Rock Dust Mixtures in Mines. Bur. of Mines 
Tech, Paper 144 (1918). 

^*A scoop designed by the author has a rubber edge and a 10-mesh sieve over 
the rear half with space Mow to receive the dust; the oveisise is thrown away. 
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brush making a channel about 6 in. wide. The gross sample is screened, 
that passing through a 100-mesh sieve is sent to the laboratory; it 
is rescreened through a 20-mesh sieve, that passing through is considered 
dust and is weighed. Its weight is considered to be the average and its 
analysis the average composition, per unit of length half way to the next 
cross-section. The distance apart of such cross-section samples has not 
been specified. That question has been left to the judgment of the sam- 
pler, but it is understood that the nearer such samples are taken, the more 
nearly will their average represent a given area, or zone. 

Manifestly neither of the foregoing methods is precise and it becomes 
a question which is the better, or whether some other method may not 
show the degree of hazard represented in a given zone. One suggestion 
has been the use of a vacuum cleaner and some trials have been made with 



Fig. 4. 

this, with favorable results, at the Experimental Mine in a zone of known 
composition, in contrast with cross-sectioning by channel as above 
described. The Old Ben Coal Corpn., it is understood, uses this method. 
It will require more experience in other mines under varying conditions 
of coarse coal and rock, which get mixed in with the dust material, before 
the best method of sampling to suit American coal-mining conditions 
is evolved. As yet, the importance of this problem has not been fully 
realized. Most of the mines concerned have taken up rock dusting so 
recently the question of need of redusting has hardly arisen where a 
thorough first dusting was done. 

Amount op Rock Dusting Required Per Unit op Entry 

This question depends on; (a) The amount of coal dust and natural 
inert matter present in an entry before rock dusting; (6) the explosibility 
hazard presented by the particular coal dust, which differs in volatile 
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combustible and ash content and moisture present; (c) size of par- 
ticles as represented by the proportion of 200-mesh dust of the total 
dust (through 20-mesh); (d) whether the air current is intake, or if a 
^'return,” the percentage of firedamp normally present. 

The Bureau’s experiments have shown that it requires from 3 to 6 per 
cent, more non-combustible in the dust to offset each 1 per cent, of fire- 
damp in a return. In this respect, the Bureau’s results are very different 
from those obtained in the Eskmeals gallery. The British Committee 
reported that a small percentage of firedamp had no effect on explosibility. 

Taffanel, from his Li4vin tests, recognized that firedamp made a 
difference in explosibility of coal-dust mixtures and used different values 
for constants in his formula when applied to gaseous mines. 

In order to give some idea of the quantity needed to those who have 
not used the method, the first application in an entry of ordinary size 
that has been thoroughly cleaned in advance should be not less than 
2 or 3 lb. of rock dust, and preferably 4 lb., per linear foot. This if 
properly applied, by hand or by one of the dusting machines on the 
market, should fill with rock dust the crevices and recesses along the ribs 
and cover the top surfaces of timbers and projections. 

Kind of Rock-dust Material 

The Bureau investigations have shown that any dry, inert dust or 
dust with little combustible matter (under 9 per cent.) that does not cake 
in a humid atmosphere, is efficient as a coal-dust explosion prevention 
material, when used in sufficient proportion to obtain in the mixture with 
the coal dust from 50 to 75 per cent, non-combustible. The percentage 
depends, as before stated, on the character of the coal dust and its fine- 
ness. Obviously, the nearer the white road dust is the better will be its 
illuminating effect in an entry. Hence the Bureau has particularly 
recommended pure limestone, dolomite, and gypsum apart from the 
general freedom of these materials from silica. 

Effect of Rock Dust on Health 

As many materials proposed for rock dusting, including shales, con- 
tain much free silica, it has been considered advisable by the physiologists 
of the Bureau to recommend tentatively that dust containing over 25 
per cent, free silica be not used, where it is liable to get into the air and be 
breathed. This specification would manifestly have no application to 
dust used in barriers or in disused workings or rarely travelled entries. 

Dr. J. S. Haldane, the celebrated British physiologist, states,, as a 
result of testing with animals, that the presence of coal dust in a mixture 
even in small proportions is helpful in neutralizing the effects of free 
silica. Dr. R. R. Sayers, chief surgeon of the Bureau, advises he is not 
yet prepared to express an opinion in this matter. For the past year his 
assistants have been carrying on extensive experiments on animals, but 
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such an investigation requires a long time before conclusions can 
be reached. 

The most favorable outlook was that given by the British use of rock 
dust or ''stone dust” in some mines for over ten years. Up to the time 
of the author’s visit, the latter part of 1923, so he was informed, no claims 
for compensation had been made by miners, under the compensation act 
for occupational diseases, although a great volume of claims have been 
made for other physical ailments, real and fancied. 

From personal inspection in haulageways in British rock-dusted 
mines the author would say that a trip of cars does not stir up nearly as 
much dust as does a vehicle on a dry or sandy road, and he noticed no 
disagreeable effect of breathing dust, as one often does on a dusty coimtry 
road. Similar evidence has been reported in this country by observers 
in those mines in which rock dusting has been done. Nevertheless, it is 
desirable to use rock-dusting material with low free silica content so as to 
have the health hazard of the dust beyond suspicion. 

Size op Rock-dust Pabticles 

The experiments of the Bureau have indicated that rock dust with 
as much as 50 per cent, through 200-mesh is as effective as if the dust 
is all fine particles. Not until the percentage was as low as 30 per cent, 
was a difference apparent. The proper size of dust and questions of 
distribution by mechanical means and the cost of fine grinding is being 
much discussed by mining men. Some have contended that an extremely 
fine dust must be used, but, so far as explosion prevention is concerned, 
the need of extreme fineness has not been demonstrated by explosion 
experiments or by explosion experience in dusted commercial mines. 
Hence, the tentative specification of the Bureau for 50 per cent, through 
200-mesh, which agrees with the British experience, appears reasonably 
safe for the present. 

Rock-dust Babbiebs 

As repeatedly stated, the writer and his associates agree that rock- 
dust barriers should be regarded as secondary defenses and are especially 
useful at strategic points — entrances to panels, connections with adjacent 
mines, and at the entrance to unsealed old workings. The writer also 
recommends they be used at intervals of from 1000 to 2000 ft. along 
haulage roads in addition to generalized rock dusting. The writer has 
observed in visting mines in this country, where barriers have been 
installed, that in many instances the experience obtained in actual 
explosion tests at the Experimental Mine has been disregarded and 
most of the barriers he has seen installed would not stop a strong explo- 
sion. They do not have enough loading, or they dump en masse; also 
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they are not arranged so that a slow explosion with low-pressure pio- 
neering wave would dump them. Although he thinks he was the 
first to propose the use of, and to design, inclosed barriers, he believes 
that open Taffanel shelves would be better than many “inclosed'^ 
barriers recently observed. 

Any one set of box or trough barriers or the concentrated barrier'^ 
relied on in a mine with no generalized rock dusting should contain about 
100 lb. of rock dust per square foot of cross-section of entry. A barrier 
should not be placed in a wide place and, preferably, where there is not an 
enlargement of passage just inby or outby, as it functions by mixing 
its loading of rock dust with the coal dust stirred up by the pioneering 
waves and this is best accomplished in a restricted or normal sized passage- 
way. It should be mechanically operated, so that it can be made to 
extinguish a slow explosion, by an air wave having as low a pressure as 
1 lb. per sq. in.; if the surface is hinged along the edge the pressure effect 
would be halved. In either case, the pressure would be momentary, so 
inertia of the moving parts must be carefully considered in designing. 

In considering a design of a barrier, certain other factors must be 
taken into account, among them the velocities of coal-dust explosions. 
The barrier should be designed so it will not, in dumping, drop its load 
in a compact mass that will prevent its mixing with the air, and will not 
drop all its dust before the flame arrives. 

Velocity of Coal-dust Explosion 

The pioneering air waves, or shock waves, that stir up the coal dust 
ahead of the flame of a coal-dust explosion, travel at the rate of a sound 
wave in a passage with rough walls and bends at 1100 to 1200 ft. per 
sec. The flame starts slowly from the ignition point, sometimes less 
than 100 ft. per sec., but rapidly accelerates except in a dust with low 
order of explosibility. In a fast explosion, with fine coal dust, the flame 
of explosive combustion travels at velocities of 2000 to 4000 ft. or more 
per second. The rate is accelerated for a specific dust mixture by the 
presence of firedamp. We do not know what occurs when a fast explo- 
sion catches up with the first shock waves started by the initiatory 
explosion, as this has not occurred within the length of main entry in the 
Experimental Mine; viz., 1300 ft. We assume it will check the velocity 
momentarily until the shock waves have again advanced at 1100 ft. 
per sec. to stir up the dust ahead without which prior mixing of coal dust 
in the air, an explosion must die away.^® It has frequently been observed 
in widespread explosion disasters that the velocity of the moving zone 

17 BvU. 167 or Tech. Paper 84 for description of barriers. 

IS The pressure manometer curves also show that there is a compression of air, 
which in some records has attained severed atmospheres, immediately in front of the 
flame; but we do not know that the time, less than one-hundredth of a second is 
sufficient to permit raising and mixing the coal dust in advance of arrival of the flame. 
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of explosive combustion, as indicated by relative violence, varies from 
point to point. 

Restricting the Formation op Coal Dust 

The formation of coal dust in a coal mine, all will agree, is inevitable, 
but the amount can be greatly restricted and the amount of rock dust 
needed lessened. Much in this direction can be done by using only tight 
mine cars, and preferably tight-end cars, by avoiding excessive use of 
explosions in breaking coal, and with machine mines, by loading out the 
“bug’’ dust before shooting. The plan, tried in the Birmingham, Ala., 
district and extensively adopted in Utah and elsewhere, of using water 
sprays playing on the cutter bars of machines, is commendable. The 
wetting down of the broken coal and of the face of hose, before loading 
the coal, as employed in Utah is also excellent. The use of automatic 
sprinklers on loaded cars at the entrance to sidings is a splendid practice, 
as the finest coal dust is formed along the roadways, and it is through 
the entries that an incipient explosion may become a widespread disaster. 
This use of water at the face and at special points there is nothing to 
conflict with rock dusting extending near the face. 
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APPENDIX 

Details of the Tests at the Expebiuental Mine 

The explosion test prepared for members of this Institute on Oct. 9, 
1914, was a demonstration of the explosibility of coal dust and the effi- 
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Fig. 5. — ^Abbanoeuentb fob test witnessed bt membebs of Institute at Pitts- 
BUBGH Meeting, 1914. (Test No. 141.) 

cienc^ of various rock-dust explorion-barrier devices. The visitors were 
members of tiie Institute also State mine inspectors from Pennsylvania, 
Ohio, and West Virginia, there bring from 150 to 200 viators present. A 
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standard blown-out cannon shot was placed at the face of No. 2 butt 
(see Fig. 5). Pure pulverized Pittsburgh coal dust was loaded in No. 2 
butt and in the 200 and 300 cut-throughs to No. 1 butt. A mixture of 
60 per cent, pulverized Pittsburgh coal dust and 40 per cent, roof-shale 
dust was distributed in the air cpurse from A875 to A1250, then through 
the 1250 cut-through and out the entry to E700. At a number of places 
barriers were installed to limit the dame. A Rice concentrated barrier 
was placed at the end of the zone at E700. Outby the concentrated 
barrier was a 200-ft. auxiliary zone of pure pulverized Pittsburgh coal 
dust, this being terminated by a 15-shelf Taffanel barrier. A rock-dust 



Fio. 9. — ^Flaue telocitt coryes fob ignition tests on pulverized Pittsburgh 

COAL AND PULVERIZED SHALE WITH FIREDAMP PRESENT. 

stopping was placed in the right butt turned from the entry at E775, the 
entire butt inby the stopping being loaded with pure pulverized Pittsburgh 
coaldust. A Rice rock-dust-protected ventilating door was placedat A875. 
Pure pulverized Pittsburgh coal dust was loaded from A875 to A700. A 
six-box barrier was placed at A700. Pulverized Pittsburgh coal dust was 
then loaded to A500, and a 15-shelf Taffanel barrier was placed at the end 
of this zone. A rock-dust stopping was placed in the 200 cut-through 
between No. 1 and No. 2 butts. A 15-shelf Taffanel barrier was placed 
in No. 1 butt from IB 295 to IB 205. No. 1 butt was loaded with pure 
pulverized Httsburgh coal dust outby the Taffanel barrier. 

The explosion was successfully originated at the face of No. 2 butt, 
traveled out No. 2 butt, thence inby in the air-course toward the face 
through the cut-through and out the entry to E7i)0, all side branches 
therefrom being protected by various types of barriers. Every main 
barrier had a zone of pure pulverized Pittsburgh coal dust outby in order 
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to evidence any failure of the barrier. If flame would pass through the 
barrier this auxiliary zone would be ignited and a further extension of the 
explosion would result. 

The explosion produced moderate pressures in the butt entry but 
built up considerable pressure in the main entry after traveling about 
1200 ft., the pressure at station E750 being about 40 lb. per sq. in. All 
of the barriers operated and the flame was confined to the path originally 
intended for it. Most of the barriers were entirely destroyed by violence. 
The test was entirely successful as a demonstration of the operation of 
various explosion-stopping devices under varying conditions of velocities 
and pressures at the different points. 
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Economics of Rock-dusting Bituminous Coal Mines 

By Edward Stbidlb,* Pittsburgh, Pa. 

(New York Meetins, February. 1925) 

Those who have followed the rapid progress in rock>dusting bitumin- 
ons-coal mines must admit that opinion crystallized during the year just 
closed in support of this preventive of coal-dust explosions. Up to 1924 
only one mining company in America practiced rock-dusting on a large 
scale, but during 1924 forty-two companies had adopted this safety 
measure, and the “boom’* is expected to extend over the next two or 
three years. Alabama is represented by 1 company, Colorado by 3, 
Illinois by 4, Kentucky by 1, New Mexico by 4, Pennsylvania by 20, 
Utah by 8, and Wyoming by 1. A total of about 500 miles of entry has 
been dusted. Illinois leads with 275 miles of dusted entries and Pennsyl- 
vania holds second place with about 175 miles. In each case there is a 
sense of great security, not only on the part of the operator but by the 
miner as well. 

It is also interesting to note that during 1924 the compensation 
rating or inspection bureaus in twelve of our coal-producing states 
revised their rating schedules so that a credit would be given for rock- 
dusting. This credit ranges from 10 to 20 cents per $100 payroll. 

Recent drastic federal and state regulations approved by mine opera- 
tors made rock-dusting compulsory in bituminous coal mines in Utah, 
beginning July 1, 1924. Legislative action favorable to rock-dusting may 
be expected in other states. Colorado has already proposed a change in 
its laws, and Pennsylvania, Maryland, Washington, and West Virginia 
are giving the matter consideration. If the rock-dusting problem is 
handled properly and proves to be entirely successful, no mining man of 
any standing will delay applying it in his mine. State legislation regard- 
ing this matter may or may not solve the problem. At present, the 
mining companies that are rock-dusting of their own choice are doing it 
carefuUy and thoroughly. In Utah, some are doing it conscientiously, 
trying to get what benefits can be obtained while others are reported 
to be doing it only to keep within state regulations. In any event, 
if we are to have new legislation, it is essential that the various 
states know what they are about and then, if possible, work for 
uniform regulations. 


* Supervisor Codperative Mining Courses, Carnegie Institute of Technology. 
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Standabo Practices fob Rock-dushno 

At a meeting of the American Engineering Standards Committee in 
New York on Dec. 11, 1924, the American Institute of Mining and 
Metallurgical Engineers was designated as sponsor for proposed American 
Standards in rock-dusting of bituminous coal mines. Howard N. 
Eavenson was appointed chairman of the Sectional Committee to 
prepare these standards and, on Jan. 22, 1925, a report was submitted 
to E. A. Holbrook, chairman of the Institutes Mining Standardization 
Correlating Committee. 

Efficacy of Rock-dusting 

When not less than a 50-50 mixture of rock dust and coal dust is 
thrown into suspension, the rock dust, together with the coal dust, absorbs 
heat and lowers the temperature of the flame of propagation below the 
ignition temperature of the coal dust. Further, the particles of rock 
dust get between the particles of coal dust and have a curtain-like effect. 
One of the most reasonable merits of rock-dusting is that once the dust is 
distributed systematically throughout a mine it remains there indefinitely 
and is always “ on guard ” during the dangerous period of the year (winter). 

Beginning with 1910 and ending with 1924, there have been 58 explo- 
sions in which coal dust is known to have played an important part. 
There was a total loss of 2422 lives and of millions of dollars in property. 
It is estimated that 75 per cent, of the lives lost in these explosions would 
have been saved if the mines in which the explosions occurred had been 
systematically rock-dusted. 

The Old Ben Coal Corpn. in southern Illinois operates twelve minea 
and began to install rock-dust barriers during the winter of 1917-18. 
Since that time there have been nine local gas ignitions in these mines 
and the management and men are certain that at least two of these explo- 
sions would have terminated in great disaster if it had not been for the 
rock dust. The fiame was extinguished at the first barrier zone encoun- 
tered, but the violence extended at least 3000 ft. beyond the zone in 
each instance. 

Last November, a widespread coal-dust explosion occurred in 
the Rains mine near Rains, Utah. It is reported that about 1000 
ft. of entry near the mine opening had been treated with rock dust 
and that the fiame of propagation was “kUled” when it entered this area. 

On Dec. 5, 1924, a localized explosion took place in the Two Yard 
BPAin of the north district of the Llay Main colliery near Wrexham in 
north Wales, killing nine men; the lives of 415 additional workmen were 
saved by rock dust. It is reported that the range of the explosion was 
extraordinarily limited, the fiame traveling less than 1000 ft. in any one 
direction from the point of ignition. Some of the survivors state that 



1166 


BOCK-DUSTmO BITXTHINOUS COAL HINES 


they felt the propulsion of air and it was immediately followed by a cloud 
of mixed coal and rock dust. 

Prevention of Forbiation of Fine Coal Dust 

It ^ould, of course, be definitely imderstood that rock-dusting is 
only an additional precaution and is not expected to take the place of any 
existing practice of keeping the min e well ventilated and as clean of coal 
dust as is possible. It may be desirable to “ kill ” the coal dust as it is in 
process of formation, or immediately after, particularly in dry and dusty 
mines. Some companies do this by using plenty of water at and near 
the working faces; for example, on machine cutter bars while undercutting 
in the immediate vicinity of the face before blasting, and on the broken 
coal before and while shoveling. On the other hand, some mining men 
believe that watering at the face is of no consequence as well as impractic- 
able, and that sprinkling merely agitates the dry, fiine dust. In the 
Pittsburgh bed, analysis of samples taken before and several months 
after washing down the gob, indicate that the dry fine dust before washing 
actually contained a greater amount of non-combustible matter. 

Hie production and accumulation of fine dust can also be eliminated, 
in a large measure, at the working face by driving all workings on sight so 
that the minimum number of bumps will be left to be pick mined, by more 
careful handling of bug dust, by loading out all bug dust in the beds of 
cars, and by more efi&cient use of explosives. On haulage roads, the 
production of fine dust can be reduced by using tight-fitting, solid-body 
cars, by employing stiff hitchings, and by providing a well-constructed 
track. Some companies sprinkle loaded cars after they are loaded at the 
face, and also by sprays as trips are leaving inside switches or partings. 
The cost of drastic safety measures seems, on first thought, to be prohibi- 
tive, but our mines should be made safe and any expense in this connec- 
tion can logically and fairly be charged to the consuming public. 

Importance of Efficient Ventilation 

Coal-mining men are now convinced of two important safety measures: 
permissible explosives and electric cap lamps. However, only 33 per 
cent, of the coal mined in 1923, when bituminous production was 545,000,- 
000 tons, was shot by permissible explosives. The number of electric 
cap laimps in use at the present time is estimated at something over 200,- 
000 and is growing. Rock-dusting and these other safety measures are 
very important, but it must not be overlooked that most mine explosions 
have had their beginning in gas accumulations, frequently ori g i nating in 
restricted areas at the working face, in abandoned areas, or at some other 
place where ventilation is not maintained as it should be. There must 
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not be too much “rule-of-thumb” relative to the volume of air required 
and constantly furnished at a given working face or in a pven entry 
panel or other areas. The question uppermost is whether a sufficient 
quantity of pure air reaches every part of the mine, “brushes” all fresh 
working faces, and the shifting top in areas of pillar drawing. An accu- 
rate ventilating map and definite records of air at the face must be kept 
as well as water-gage and barometric observations. 

Hazabd Examination of Coal Mines 

The Bureau of Mines seems to have established the fact that coal 
dust is dangerous as to flammability in proportion to its fineness and dry- 
ness, and to the proportion of volatile combustible matter to fixed carbon 
plus volatile combustible matter, as illustrated in the equation 

Volatile matter 

Fixed carbon -j- Volatile matter 

This equation indicates that anthracite dust is practically non-explosive, 
for which reason rock-dusting is unnecessary in anthracite mines. Fur- 
thermore, bituminous dust larger than 20 mesh will scarcely enter into 



Fig. 1. — Taking boao sample before rock-dusting; note dark bibb and boof. 

an explosion. Dust that is about 100 mesh is dangerous, especially if 
dry, and dust that passes 200 mesh and is dry must be dassed as exceed- 
ingly flammable. 

An examination for coal-dust hazard must be made by a competent 
safety engineer of each mine contemplating rock-dusting. Samples of 
the coal must be taken at different points in the mine, and of dust from 
the roads, ribs, roof, and timbers, in the approved manner, and sized and 



1168 


BOCK-DtrSTINO BITUMINOUS COAL MINB8 


snalyced. likewise, the quantity of dangerous road, rib, rouf, and 
timber dusts in a specific stretch of passageway must be calculated with 
a view to determining whether or not they should be cleaned before rock 
dust is applied, also the approximate amount of rock duet, by weight, 
that will be required to rock-dust properly a given length of passageway. 
It may be pointed out that accurate fioor samples can only be secured by 
taking a groove to the solid ; see Fig. 1. All records should be kept accu- 
rately and systematically. The following identification tag is used by the 
Pittsburgh CJoal Co. 

Form 4-4 SAMPLE IDENTIFICATION 


Number 

Mine 19. . 

Kind of Sample 

Material Applied Lb. Applied 

Location 


Width of Channel Cross Section 

Volumeter Heading Per Cent Incombustible 

Sampler 


Note. — Show whether before or after dusting for “Band of Sample.” 

As a matter of interest, it might be stated that in examining the 
sizing and analysis records of a number of samples of dust collected in 
entries of dry and dusty mines in the Pittsburgh bed before rock-dusting 



Fig. 2. — Rock-dust testing kit. 


was started, the average incombustible content of the haulage-road samples 
was 43.5 per cent., the range being between 27.2 and 54.6 per cent. 
The average incombustible content of the same number of rib, roof, and 
timber samples taken at the same points was 30.8 per cent., with a range of 
20.7 and 50.1 per cent. The amount of 200-mesh dust contained in 
the roa(J samples, all of which had passed a 20-me8h sieve, ranged from 
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17.4 to 27.0 per cent.; the amount of 200-mesh dust contained in the rib, 
roof, and timber samples, all of which passed a 20-mesh sieve, ranged 
from 54 to 65.3 per cent. 

A rock-dust testing kit (Fig. 2) is now on the market with which 
it is possible to collect samples, to make size tests of coal dust and pul- 
verized rock dust, and to make a rapid volumeter test for incombustible 
matter in coal and rock-dust mixtures. For convenience, it is assembled 
in two parts; one the sampling kit and the other the equipment necessary 
for sizing and testing. With a little study, any responsible man about a 
mine can use this kit. For all practical purposes, the carbon dioxide and 
inherent ash and moisture that may be in any particular coal can be 
ignored in preparing caUbration curves. 

Raw Materials for Rock Dust and Cost Thereof 

Limestone is now used by seventeen companies, principally because 
coal men know little about pulverizing and all desired to make an early 
start in rock-dusting their mines. The dust used thus far ranges in fine- 
ness from 50 to 92 per cent., with an average of 74 per cent, through 200 
mesh. It is fairly generally agreed that the most convenient dust to 
handle is about 60 per cent, through 200 mesh. Limestone dust can be 
purchased from numerous limestone companies, and is usually shipped 
in 80-lb. sacks, similar to flour and cement, which arrangement facilitates, 
handling and prevents loss. Sacked limestone dust, 50 to 60 per cent, 
through 200 mesh, can be purchased at Youngstown, Ohio, for $4.50 per 
ton, plus freight charges to the Pittsburgh district of $1.45 per ton, or a 
total of $5.95 per ton. Limestone dust, 75 per cent, of which will pass 
200 mesh (and prepared for shipment in the same manner) can be pur- 
chased in Bellefonte, Pa., for $5 per ton. Transportation charges to the 
Pittsburgh district are $1.50 per ton, or a total of $6.50 per ton. Erie, 
Pa., sacked limestone dust, 60 per cent, of which passes 200 mesh, can be 
delivered in the Pittsburgh district for $5.95 per ton, and dust of which 80 
per cent, will pass 200 mesh, at $6.45 per ton. 

A number of the shale formations associated with the coal measures 
will contain less than the allowable amount of silica, combustible matter, 
and moisture, and will be suitable for rock-dusting. Some shales contain 
as low as 8 per cent, of free silica, while others run as high as 50 per cent. 
The average, however, for a large number of samples taken in various 
localities in the United States, is about 20 to 25 per cent. Twelve com- 
panies are already using shale and find it more economical, to crush and 
pulverize the rock at the mine. Transportation charges, at least, are 
saved. It is doubtful whether pulverizing can be done efficiently under- 
ground,[^because of the moisture that prevails during the major part of 
the year. At one operation, where the pulverized dust is prepared on 

TOL. X^OO. — 74 
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the ground, it is claimed that it costs $1.75 per ton to deliver the rock 
to the cros^g and pulverizing unit on the surface, and $1.25 for crush- 
ing and pulverizing, or a total of $3 per ton for the finished product. 
It might be added that the wage scale at this mine is on a basis of $7.50 
for day labor. At another operation, it costs $1.91 per ton for crushing 
and pulverizing, which figure includes all legitimate charges. 

Phtsiolooical Effect of Silica in Bock Dost 

Ph]^ological tests have shown that pure limestone dust is not inju- 
rious to health. Rock dust that does not contain more than 25 per cent. 



Fig. 3. — ^Rock-pulyebizino unit with Gbifun iolu 


of free silica is not likely to be harmful. However, investigators are 
still in doubt as to whether the effect is really mechanical or toxic. This 
is, however, of minor importance when considering rock-dusting, for 
little rock dust is suspended in the air except during the actual operation 
oi coating the passageways or preparing concentrated areas or leading 
barriers, and if warranted a standard respirator may be worn by the 
workman. The only other time that dust is really suspended in the air 
in appreciable quantity is when it is actually fulfilling the purpose for 
which it was intended. Rock dust containing as much as 35 per cent, of 
free silica has been used in some mines in Great Britain for a period of 
12 years and no ill effect has been reported. 
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PULVEBIZBBS AND FiNBNBBS 07 RoCK DtTBT 

There are on the market a number of crushing and pulverizing units 
that will effectively prepare dust for rock-dusting purposes. All the 
manufacturers make various claims for the efficiency and economical operar 
tion of their machines. So far only seven plants have been installed at 
mines, and there are no reliable data available on which to judge their 
relative merits. The Griffin mill (Fig. 3) will pulverize dust, depending 
on the screei]£ employed, to any size up to and including 75 per cent, 
through 200 mesh. This mill actually makes a finished product in one 
operation without the use of auxiliary screens or other separating appara- 
tus. The manufacturers of this will claim that 90 per cent, of all the 
pulverizing equipment used in Great Britain for rock-dusting purposes is 
of this type. Other types of well-known machines that are being used for 
pulverizing rock are the Apco and Raymond. 

It is improbable that a mechanical dryer will have to be employed in 
connection with a crushing and pulverizing plant, provided that the raw 
material is stored in a dry place for a reasonable period. 

Htgboscopicitt op Rock Dust and Goad Dust 

In addition to such considerations as percentage of free silica, combus- 
tible matter, and moisture, it would be ideal if the rock dust should dry 
out faster or at the same rate as coal dust. During the summer months, 
the mine will be much cooler than the ventilating air and moisture will 
be deposited all over the inside of the mine and, following the theory of 
the formation of rain drops, the fine rock dust is the first to attract the 
moisture. For obvious reasons, a dangerous condition will exist if in 
the autumn and winter the coal dust dries out faster than the rock dust. 
In so far as specifications are concerned, it is probable that the com- 
bustible content is of more importance than that of free silica. The 
relative specific gravity and specific heat of various raw materials are 
likewise unimportant. The fineness of the dust for various purposes and 
its physical properties are outstanding considerations. Possibly dust 
can be doctored or blended so that it will not take up water rapidly and 
will dry out consistently. Further research is being planned regarding 
these matters. 


GbNBBAL RoCE-DUSTINa 

About 85 per cent, of coal-dust explosions in America have originated 
on narrow work, either along the haulageways or at the faces of develop- 
ment workings. Rock-dusting should, therefore, be done first on all 
haulagewa 3 rs and other narrow work in use up to and including room necks, 
and up to within 40 ft. of the face or to the last break through of all 
development workings. Dusting should start at the face and proceed 
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toward the shaft or other openings^ and preference should be given to 
the more gaseous sections. Some mining men believe that it will not be 
necessary to rock-dust xmused back entries. No fine coal dust is manu- 
factured” in these entries, and furthermore no explosion will occur without 
a source of ignition, but some fine coal dust as well as rock dust is carried 
into these entries by the return air current. Others feel that rooms need 
not be dusted; but the coal-dust hazard exists in rooms, a source 
of ignition is possible and rock-dusting may eventually extend into 
these workings. 

Rock-dusting consists of spreading a thin layer of dry rock dust on 
the surfaces of ribs, roof, and timber. For initial dusting, depending on 
conditions, 2 to 6 lb. is used per linear foot. It may or may not be neces- 
sary, depending on sizing and analysis records, to apply much rock dust 
directly on the floor. The roadways, depending on roof conditions and 
grades, may contain a relatively high percentage of incombustible material, 
and some dust always falls off the ribs during dusting and settles on the 
floor. In other cases the road dust may contain proportionately a 
greater percentage of combustible. Fine coal dust settling on the rock- 
dust coating will stick to the rock dust, and will not run off and fall to 
the floor as was originally expected. Another theory that is pretty well 
” blasted” is that the ventilating current can be depended on to distribute 
rock dust effectively to any great extent. It takes weeks under normal 
conditions for any appreciable quantity of coal dust to settle on rib, roof, 
and timber. If rock dust is blown into a ventilating current, the major 
part of the dust is deposited in the passageway, particularly on the floor 
in the first 200 ft. It is only the very hne, microscopic dust that is carried 
along in the air current and finally deposits on the floor, rib, roof, and 
timber. Some of the finest dust may be carried out of the mine by the 
ventilating current. 

Record op Dusted WobRings Should Be Kept 

A permanent record of rock-dusting must be kept. This should show 
all the entries of the mine, when they were rock-dusted, weight in pounds 
and kind of dust used, date of sampling, and results of analysis. One 
page of the record book should be used for each entry, and should be 
posted weekly from the daily rock-dusting reports. A mine^map of small 
scale should be prepared indicating all rock-dusted areas, as well as 
barriers, rock-dust zones, etc. The path to safety is not easy and rock- 
dusting will fail just as sprinkling failed in several well-known instances, 
if it is not applied effectively. 

Distribution op Rock Dust 

Several companies in western Pennsylvania have started applying 
rock dust by the hand method, as in Grefit Britain. In one mine five men 
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dusted 2100 ft. of entry per 8-hr. shift at a cost of about 2.5 cents per 
linear foot. Costs by the hand method in Illinois have been as high as 
5 cents per linear foot. Hand dusting is better than no dusting and may 
be an excellent way to make a start. However, sooner or later it wiU 
be replaced by a more economical method. In hand dusting, the work- 
men are exposed to a certain amount of dust, and it is impossible to apply 
a uniform coating of dust to the surfaces being treated, although the coat- 
ing may be thicker. 


Dusting Machines 

The country is full of ingenious dusting machines, but most of them 
are not perfected, consequently they are inefficient and not economical. 
Nevertheless, all of them have done their duty in helping the cause, and 



Fig. 4. — Rock-dust distbibutor developed bt Inland Collieries Co. 


some will survive while other new designs will be built. In any event the 
designers and mining companies concerned are to be praised for their 
initiative and resourcefulness. The principle of some machines is based 
on the injector and compressed air or blower, others use a blower, the dust 
in some cases being fed into the air current outby the fan, while in others 
it is introduced into the fan intake air. One company has designed a 
combined pulverizing and distributing unit. Some employ stationary 
nozzles while on other machines the nozzles are flexible. In some ef iaes 
the dust is mixed with water and applied in a wet condition; in one case 
the workings are. first wet down with water and then dust is applied by 
a blower. These two latter methods are very unsatisfactory and cannot 
be called “rock-dusting.” 

The direct dry method of applying the dust witii a low-pressure 
(^ributor is most sound in principle. This can be accomplished by 
either a fixed or hand-operated flexible nozzle. Most of the distributors 
now in UBe are of the low-pressure, flexible-nozde type. A rock-dusting 
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iinit may be transported by a mine looomotiye or it may be self-propdling; 
in any event it is not likely that a lai^e-scale machine will ever be operated 
by one man. 

One of the best-known dusting machines at the present time is that 
designed by the Inland Collieries Co., Indianola, Pa.; see Fig. 4. This 
is of the flexible-nozzle type, which is also the t 3 rpe employed by the Old 
Ben Coal Corpn. in Illinois. Another distributor, of the fixed-nozzle 
t 3 rpe, which works eflSciently, is that recently designed by the Pittsburgh 
Coal Co. ; see Fig. 5. The Miller machine, as modified by the Consumers 
Mining Co., Harmarville, Pa., is also of the fixed-nozzle type. Two men 
with any one of these units can lay a uniform coating of dust on the floor, 
rib, roof and timbers, over a distance of about 1 mile in an 8-hr. shift. 



Fio. 5. — ^Rock-dust dibtbibvtob diivelopbd bt Pittsbxjboh Coal Co. 

Flexible and fixed nozzles, like everything else, have their advantages 
and disadvantages, and experience will decide their relative merits. 
While numerous types of dusting machines can be devised, it will cost 
considerable money to develop any particular type into an efficient 
apparatus. Rock dust is a difficult material to handle because of its 
relatively high specific gravity, high angle of repose, and tendency to pack. 
The smaller and independent companies, at least, will, no doubt, find 
it more satisfactory to buy one of the distributors on the market, the 
efficiency of which has been demonstrated. 

In ventilating currents of less than 500 ft. per min. it is especially 
desirable that the distributor travel against the air current in order to 
protect the workmen better. In the case of a flexible nozzle, this proce- 
diue will aid closer inspection. 

Contamination or Rock-dusted Abbas 

It has been found that most distributors actually waste dust in that 
they apply it too thick and not uniformly. This, of course, is due in a 
measure to the inexperience of the operator; but it is of the utmost impor- 
tmice that the feed mechaninn of the distributor be reliable so that a uni- 
form coating can be applied economically. Samples of dust from ribs, 
roof, and timbers taken after rock-dusting usually contain 75 per cent, of 
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incombuBtible, and often 90 per cent.; see Fig. 6. On first thought, this 
may be considered an advantage, but the rock-dust coating in time 
becomes contaminated by various agencies, and it is desirable to apply 
new dust from time to time as warranted. It is fairly well imderstood 
that rock-dusting will be required at least twice each year; once in the 
early autumn as the mine dries out, and again about the first of the new 
year (mid-winter). However, careful inspection and sampling will 



Fig. 6. — ^Taking bib, boop, and timbeb sample apteb bock-dttstino; note 

INCBEASED ILLUMINATION. 

determine when redusting is necessary. Certain stretches of haulage 
roads where an excess of dangerous dust is made and deposited each day 
may warrant redusting semimonthly. Haulageways should always be 
cleaned up prior to dusting operations. 

Cost of Rock-dtjsting 

Minimiun cost can only be realized by systematic dusting with an 
efficient distributor after a due amount of experience. Few reliable cost 
data are available, and the range of variation is so great that even wide 
generalizations are likely to be unsatisfactory. The most desirable ^ 
ures will be unit costs per ton of coal mined and on a long-term basis. 
The mines in which rock-dusting is being done have worked rather irreg- 
ularly during the past year, consequently the best cost figures available 
are on a basis of Unear feet of entry. These figures average about 1 cent 
per linear foot of entry; two companies assert that the cost in their mines 
on a tonnage basis is about H of coal mined. It must be 

remembered that, as in the case of all other reliable cost data, the cost of 
rock-dusting must account for many items of expense and not merely the 
cost of labor and dust. It is true that the cost of cleaning up haulageways 
prior to rock-dusting ranges from 5 to 8 cents per linear foot, but this 
item cannot be considered a legitimate rock-dusting expense. 
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In the mines of one company, two men are now rock-dusting over 6000 
ft. of entry in an 8-hr. shift or in 4 hr. of actual dusting, and it is reason- 
able to expect that eventually it will be possible to dust effect* vely 2 miles 
of entry in 8 hr. Furthermore, the cost on a long-term basis should not 
exceed ^ cent per ton of coal mined. 


Rock-Dusting Rbpobts 

Proper and accurate data should be kept on printed blanks supplied 
to those in charge of rock-dusting imdergrounds. Samples of such forms 
are shown by the three following blanks of the Pittsburgh Coal. Co. and 
Inland Collieries Co. : 


Pittsburgh Coal Compant 
Daily Stonb-dusting Report 
Mine 


.19.... 


Entry No. 


Average 

Croae 

Section 


No. Feet I 
Cleaned 
Up 


Time Cleaning Up 

No. Ft. 
Applied 

Time Applsnng 

No. 

Men 

No. 

Dasrs 

Rate 

No. 

Men 

No. 

Days 

Rate 


Lb. of 
Stone 
Dust 
Used 



i i __ 1 

1 i ' ' ! 



1 

1 

i i. . . 



1 

: 1 

i ! 



1 


1 i 



i 





1 ! 


i 

1 





1 1 






1 



i i 

1 

1 i 



i . i i 

i 

1 

1 

i 

1 i 

1 ' , 








1 ; 1 ' 


















1 1 









1 1 

Totals 








1 1 


Show delays on bottom lines of report. Report Made By 


Fig. 7. 
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PrrrsBUBGH Coal Compant 
Monthly Report op SroNS-DusTiNa 


.Mine Month Ending. 


Date 


Total 

Lineal 

Feet 

Applied 


Aver- 

Me 

Croat 

Sec- 

tion 


Pounds 
of Stone 
Duat 
Used 


Lb. of 
Stone 
Duat 
Per 
Lin. 
Foot 


Cost 

of 

Clean- 
ins Up 


Cost 

of 

Apply- 

ins 

Stone 

Dust 




Cost 

of 

Stone 

Duat 

Used 

SeeC) 


Total 

Coat 


Cost 

Per 

Lineal 

Foot 


Daily 

Ton- 

nage 


Coat 

Per 

Ton 


1 I 


Aver. 


! 


Inventory of Stone Dust Record of Samples Taken 


Items 

Amount 

(in 

Pounds) 

Invoice 

(Include 

Freight) 

Unload- 
ing and 
Storing 

Date 

By Whom 
Collected 

Per Cent, of In- 
combustible 

Bottom 

Roof and 
^des 

On hand first of month 
Received during month 
Total 

Used during month 

On hand at end of month 

; ; 

i 

i i 

; 



Average **oost per lb.*' used in computing this report $. . 
Report eompleted by 



Approv^ 

Superintendent 


Fig, 8, 
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Inland Colliebibs Company 
Rock-dubtinq Report 

Date. 


Place 

1 

Time 

in 

Min. 

Dust 

Used. 

Lb. 

Stations 

Dis- 

tance 

Dusted, 

Feet 

Lb. Per 
Lin. Ft. 

Cross 

Sec- 

tion 

of 

Place 

Os. 

Dust 

Per 

Cu, 

Ft. 

1 

IQnd 

of 

Dust 

Remarks 

Start 

Stop 







j 

1 





j 






1 





i 





1 

1 





1 1 
1 





1 i 

' 










i 








' i 


1 



1 i ; 


1 ‘ 


1 


i ■ 1 

1 .. ' 1 i 


1 ' 




( , i 1 

1 1 1 i 

1 




Totab 1 1 

1 1 

1 1 
1 1 

1 i 




i 

1 

No. 

1 Rate 

Amt. 

Names 

Lb. of dust on car beginning shift 

Lb. of dust on ear end of shift | 

Lb. of dust on supply car beginning shift 

Lb. of dust on supply car end of shift 

Lb. of dust taken in mine today 

Dust Man | 
Motorman { 
Extra man i 
Total j 


1 1 

1 1 


Fig. 9. 


Rock-dust Barriers 

Rock-dust barriers, or heavy concentration of rock dust called 
zones,'' at desirable points may be used to advantage, but they are 
usually considered as secondary defenses. The so-called ‘^box" and 
‘^concentrated" types may be employed to isolate old abandoned work- 
ings, panels, live sections of a mine, splits, and at other key positions, 
as well as in the passageway between two connecting mines. They may 
hold from 1 to 3 tons of dust; in other words, they should contain 100 lb. 
of dust per sq. ft. of cross-sectional area at the point of installation. They 
are installed against the roof or in an excavation made in the roof, and 
should extend across the entry. The cost of box barriers, installed, is 
estimated at J75 each; concentrated barriers will cost, installed, about $150 
each. The V or “trough" type contains from 100 to 200 lb. of dust, and 
may be installed in batteries of 15 or more in strategic positions or 
restricted points such as sharp bends in entries, on the inby and outby 
sides of overcasts, etc. They may or may not extend across the entry, 
depending on their use and position. Trough barriers, installed, will cost 
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about $2.50 each, or about $37.50 for a battery of 15 troughs. All barriers 
should be constructed so that they will be operated by the advanced wave 
of an explosion in either direction, and will remain in operation during a 
period of at least 7 sec. The dust falling as a curtain is whirled into sus- 
pension and dampens or blankets the flame. The cost of barriers cannot 
be prohibitive, at the same time they should fulfill the specifications 
proposed by the Bureau of Mines. A great assortment of barriers is now 
in use, principally in the Rocky Mountain states. One type of V, or 
trough barrier made of lead-covered sheet steel, to prevent corrosion, is 
now on the market. 

No practical, mechanical method has been devised so far for dusting 
back or trackless entries. Dusting such passageways by inserting a pipe 
through the stopping at certain points is not a success, as ventilation 
cannot be controlled so as to deposit the dust evenly. The air travels 
either too slowly to carry the weight of the dust or too rapidly to deposit 
it effectively. It is possible that the barrier, or zone, or in fact the hand- 
dusting method, as practiced in Great Britain, may be the final solution 
of this problem. 


Other Advantages of Rock Dust 
Rock-dusting Increases Illumination Underground 

About 90 per cent, of the light underground is absorbed by the coal. 
The rock dust, and particularly that prepared from limestone, greatly 
increases the illumination and, consequently, increases the efficiency of 
the workman and decreases accidents. One company is installing a 
crushing and pulverizing unit and will prepare dust from shale made in 
the mining operation for dusting back entries and for barriers, if such are 
ever employed. However, this same company will purchase crushed 
limestone, pulverize it at the mine, and use it on all main haulageways, 
claiming that the motormen are enthusiastic over the results of the 
increased illumination. It is also possible that limestone dust will 
protect steel timber, prevent spalling of roof and coal, and in a measure 
neutralize acid mine water. 

Rock Dust as Fire-fighting Material 

Rock dust may be an efficient fire-fighting material and is, no doubt, 
much safer to use than either water or chemicals. It is reported that a 
terrific fire in dry coal in one of the mines of the Old Ben Coal Corpn. 
was successfully extinguished by the use of rock dust. The attack 
really started about 100 ft. from the fire on the intake, and consisted of 
throwing dust from the troughs toward the fire. As reported, the great 
cloud of rock dust seemed to cool the area so that advance could be made 
and additional dust introduced. Propping, of course, was done as the 
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advance was made. The dust sealed the fire, except in large crevices and 
in spots along the ribs. A second crew filled these crevices with shale 
dust and spread more dust along the rib where warranted. In a short 
time the fire area, which wb§ ^ and Ut ft. 

completely covered with sevem of dtist. Hie remains of the fife 
and the coal, which was hot or warm, was then loaded out in the usual 
manner. 

Several mines in Illinois keep on hand, at desirable points, sacked 
rock dust for fire-fighting purposes. 

Rock Dust ds Stemming Material 

Rock dust may have special merit as stemming material for shot-holes, 
as compared with clay or other inert substances. It is claimed that 
the percentage of lump coal can be increased, with a reduction in con- 
sumption of explosives, but no actual quantitative tests have been made 
so far. “Cushioned^’ blasting has been practiced by a few expert shot- 
firers, and its advantages have been recognized in connection with the 
use of permissible explosives. Stemming consisting of loose rock dust 
will produce a cushioned effect. The procedure, in brief, consists in 
placing one or more cartridges of rock dust in the hole on top of the explo- 
sive charge. The explosive cartridges, or the cartridges of rock dust, are 
not slit. About 1 ft. of solid tamping is usually placed at the end of the 
dust charge or the collar of the hole. The explosion is supposed to 
compress the rock dust and wedge it tightly in the mouth of the hole, 
so that none of the gases can escape until they do their work in bringing 
down the coal. If this is true, there is no energy left to distribute the 
dust into the room. Some mining men believe that the force of the 
explosion really compresses the first rock-dust cartridge, completely 
blocking the hole at this point and does not affect the remaining 
cartridges. In either case, it is a question as to how well the gaseous 
products of combustion of a properly made shot aerate and distribute 
the rock dust. In the case of a blown-out shot, however, the rock-dust 
stemming may help to quench the flame. It is also doubted whether 
sufficient dust will be employed as stemming material to rock-dust a room 
effectively as advance is made, but at one mine where experiments were 
made with rock-dust stemming, it was found that the dust was distributed 
in the room as far as 50 ft. back from the face. At this same mine a 
band of bone occurs in the middle of the bed, and it is important that this 
bone is not pulverized by the explosive charge. The officials of this mine 
believe that more lump coal and cleaner coal is produced with 20 to 30 
per cent, less explosive. It is possible that this increase in lump coal and 
reduction in amount of explosive is due more largely to part ‘‘air-spac- 
ing,” closer supervision, and more accurately placed and drilled holes. 
In any event, if rock-dust stemming will make it more easy to secure a 
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better “spreading’’ effect with permissible exploraves than is usually 
obtained, the. matter should certainly be given careful consideration. 

CoSPEIUXIVE E?iS|iAECH WOBK IN RoCK-DUSTING 

The United States Bur^u of Mines, under the immediate direction of 
George S. Rice and J. W. Paul, has led the way in investigating the 
theories of mine explosions and methods of their prevention. Many 
mining companies, as well as manufacturers of safety appliances, are now 
studying the practital phases of rock-dusting, and all are contributing 
valuable information on the subject. Rock-dusting has developed into 
a real engineering problem and, as usual, many theories are pving way 
to the practical. 

Cooperative research work relative to rock-dusting is being carried 
on by the Bureau of Mines, Carnegie Institute of Technology, and the 
Advisory Board of Mine Operators and Engineers of Western Pennsyl- 
vania. One problem concerns a more satisfactory quantitative analysis 
for free silica, and the determination of the shale formation associated 
with the principal coal measures of the country that may be suitable for 
rock-dusting purposes. A second problem concerns a collection of data 
relating to costs, equipment, and systematic methods of treatment. Still 
a third problem has to do with a field study of the relative efl5ciency 
of rock dust as a stemming material. A bulletin covering the results of 
these investigations will be ready for distribution early in the fall of 1925. 
It might be added that an additional problem regarding the effect of 
fineness and nature of material on its efficiency for rock-dusting has been 
proposed for the year 1925-26. 

Conclusions 

Rock-dusting is the most reliable, as well as the cheapest, method 
known at present to prevent and limit coal-dust explosions. However, 
it cannot be handled in a haphazard manner and, like all safety measures, 
must be done thoroughly to be effective. Likewise, as in the case of other 
safety measures, it must bo considered as simply an extra precaution. 
Furthermore, it is well to emphasize the fact that rock dust alone will 
not make our bituminous mines entirely safe. Fine, dry, coal dust can be 
“killed” as it is made, and its accumulation in dangerous quantities can 
be prevented. It is also imperative that we take advantage of 
“approved” equipment and appliances and permissible explosives. 
Last, but not least, we must properly and conscientiouE^y inspect and 
ventilate our mines and, thereby, prevent an accumulation of gas, which 
is the common source of ignition for coal-dust explosions. In conclusion, 
it may be stated that while there is much to be learned regarding both 
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methods and costs, there is no apparent reason whatsoever for delaying 
the application of rock-dusting in our bituminous coal mines and thus 
making them safe. 
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DISCUSSION 

H. W. Habdinge, New York, N. Y. — There is a coal-dusting apparatus 
that combines the grinding and distributing at the same time; it is on a 
car together with a 500-lb. bin. The blowing unit may be equipped with 
long pipes so that the dust can be transmitted through various passage- 
ways. In this system, the rock, which may be obtained from the mine 
itself, is dumped into the hopper and the mill grinds the material, stirs 
it, and distributes it very uniformly. This eliminates the necessity of 
grinding above ground, and then distributing below ground. The entire 
operation is confined to one unit, which should eliminate considerable 
labor. This unit embodies a new reverse-current air classification, taking 
advantage of normal atmospheric pressure being introduced into the 
partial vacuum produced by the suction fan, and at the same time return- 
ing any oversize to the grinding mill, while putting the fine dust into 
circulation the moment it is produced. 

Geobge S. Rice, Washington, D. C. — The author uses the figure that 
the Bureau of Mines in its experiments decided was the right amount for 
barriers; namely, 100 lb. per sq. ft. of section. But he says that from 1 
to 3 tons should be put on the barriers. Almost any entry will have a 
cross-section of 50 sq. ft. so that a barrier must have at least 2^ tons, 
which I think should be the minimum. 

At the start of the experiments, we used too little dust in the various 
trial barriers and found that 100 lb. per sq. ft. is required to insure filling 
the air of the entry with rock dust in sufficient cloud density to separate 
the coal-dust particles and to cool the flame by the absorption of heat. 
Only a part of the loading is brought into action but the surplus is neces- 
sary to provide that portion. 

One of the large mining companies questions the utility of rock-dust 
barriers, claiming that they wffi be operated after the explosion has 
occurred. There was a misconception of how they operate. This is 
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effected by the wave of air which precedes a dust explosion and makes it 
possible. 

The author speaks of a certain machine that will dust by a wet proc- 
ess. It is no longer “dust” if it is wet, but that machine may serve a 
very useful purpose. I observed one in use in Utah and noted that if 
the coal ribs are more or less cracked and creviced, the mud will fill the 
cracks, after they have been cleaned of coal dust, then less dry rock dust is 
required afterwards. There appears to be merit in that combimition. 
The subsequent test will be whether the dry loose dust on the surface of 
the caked dust has sufficient percentage of combustible to propagate an 
explosion. Some of the companies in the West think that filling these 
cracks greatly retards the weathering of the coal. The plan might be 
found beneficial in the Pocahontas W. Va., mines to deal with their 
columnar friable coal ribs. 

The Bureau of Mines is not attempting to determine the superiority 
of one dusting machine over another. We are glad to see the tremendous 
interest in the development of these numerous types. At present, the 
method of operating is to drive these machines directly from the trolley 
wire, using open motors. I believe the time will come when dusting 
machines will be operated from storage-battery locomotives of the 
permissible type, and will have permissible motors to drive the fan for 
distributing the dust. Then they can be used in entries from which the 
trolley is excluded because of the possibilities of firedamp. 

Coal-dust explosions are not easy to make and therein is the danger 
at the present time. The combination does not occur once in a million 
times; but it may occur any time where sufficient precautions are not 
taken. Some of our large railroads carry millions of passengers for 
years without accidents to passengers, but that does not cause them to 
stop looking after the tracks ; they have daily inspections. They have to 
guard against the remote possibility of a wreck. Similarly, in coal mining, 
we must guard against the rare possibility of explosions by the utmost 
unceasing vigilance. 

Thomas G. Fear, Indianola, Pa. (written discussion). — Under the 
heading of Cost of Rock Dusting, the author states that, “The most 
desirable figures will be the unit costs per ton of coal mined.” This cost 
per ton of coal will not reflect the actual cost of rock dusting as accurately 
as the unit cost per linear foot of entry. Rock-dusting in one mine, where 
the coal seam is thick, may be carried on inefficiently and still show a 
lower cost of rock dust per ton of coal mined than at another mine where 
a comparatively thin seam is worked and rock dusting is done efficiently. 
This is due to the fact that more headings are required in the thin seam 
to produce a certain tonnage of coal. 
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Under the heading of Rock Dust as Stemming Material, the author 
condemns rock-dust stemming material because he believes that it is of 
no added advantage commercially, while his paper was written on safety 
in coal mines. He states that no actual quantitative tests have been made 
so far. One mine in Illinois used rock dust as stemming material for one 
month and increased the percentage of lump coal 9 per cent. Rock- 
dust stemming properly done does produce a greater percentage of lump 
coal than the ordinary solid clay tamping, less explosive is required per 
ton of coal, and there is a reduction of the amount of powder smoke after 
the shot. The introduction of 520 lb. of rock dust in every 250-ft. 
room is bound to decrease the coal-dust hazard, which is on everybody's 
mind at the present time. 

Edward Steidle (author^s reply to discussion). — The views ex- 
pressed regarding the most desirable unit costs of rock-dusting are to 
the point and should be considered by coal-mining men. Relative to 
rock dust as a stemming material, I merely presented an impartial dis- 
cussion of the leading questions in connection with this subject. Mr. 
Fear indicated that a mine in Illinois has made a quantitative test, 
using rock dust as a stemming material; I would like to have more 
details regarding this example, because I have been unable to find a com- 
pany that has actually made systematic quantitative tests. The Carnegie 
Institute of Technology, the Bureau of Mines, and the Advisory Board 
of Mine Operators and Engineers of Western Pennsylvania are carry- 
ing on, this college year, a cooperative research fellowship problem 
having to do with efficiency in blasting of coal. During March and 
April, quantitative tests using rock dust as a stemming material will 
be made and the results of the investigation will be printed in bulletin 
form for distribution about next September. - 
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Value of Humidifying Methods in Explosion Prevention 

in Coal Mines 

Bt D. Harrington, Salt Lake Citt, Utah 

(New York Meeting, 1025) 

During the past few years, there has been a trend toward the use 
of rock-dusting, rather than reljring on humidifying, or the use of water, 
to limit or prevent explosions in the coal mines of the United States. 
This is partly because British coal mines have adopted rock-dusting 
and, at least in a sense, have condemned the use of water. More- 
over, during the past few years, particularly in the latter part of 1922 
and in 1923 and 1924, several explosions with heavy loss of life occurred 
in coal mines of the United States that were known to have more or 
less extended sprinkling, or humidifying, systems. 

The sentiment created by these disasters quickly caused a distrust 
of explosion-prevention methods requiring use of water and simulta- 
neously caused more or less of a stampede into rock-dusting. Much of 
the wholesale condemnation of watering methods was without adequate 
knowledge, or at least without adequate consideration, of local con- 
ditions in each case, and rock-dusting was adopted largely without 
sufficient knowledge of how to rock dust safely or correctly. However, 
mines that had been using watering methods and had suffered these 
recent serious disasters (notably Dolomite, Dawson, and Castle Gate) 
instead of abandoning the use of water when operations were resumed 
after the disaster, greatly extended their watering systems. At the same 
time they took other precautions as to electricity, ventilation, blasting, 
etc., and supplemented the watering system with rock-dusting where 
the latter was likely to be the more effective. The trend toward rock- 
dusting during the past year or two (succeeding the recent mine disasters) 
is very similar to the rapid movement toward watering, or humidifying, 
methods, about 1910 to 1912, after a series of disastrous mine explosions. 

The Phelps-Dodge Corpn., which operates a large property at Daw- 
son, N. M., after an explosion in its No. 1 mine in February, 1923, decided 
that it is dangerous to have all its '^explosion-prevention eggs in one 
basket^' and so adopted what may now be termed the Western coal- 
mine explosion-prevention system, in which both rock-dusting and water- 
ing are used, supplemented by other up-to-date mining methods and 
practices; such as exclusive use of modem electric safety lamps, with 
magnetically locked flame safety lamps for testing purposes; use of 
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permissible explosive exclusively; use of electric shot-firing after the 
shift has left the mine; division of property into absolutely separated 
units, each ventilated by itself and each having fewer than 250 men; 
use of permissible electrical equipment exclusively in so far as such equip- 
ment is available, etc. The Dawson installation utilizes rock dust on 
all intake haulageways as far into the mine as freezing extends in the 
coldest weather; beyond this point watering methods are used. Every 
working place is piped with water and at each face there is sufficient 
water hose to allow of wetting the entire face region (roof, ribs, floor, 
coal pile, gob pile) by the face worker, who is required to do this several 
times per day, as well as to wet down the top of all loaded cars before 
they leave the face. In addition, machine runners are required to use a 
water spray on all mining machines in such manner as to wet thoroughly 
the ‘^bug dust” as it is made. Sufficient ” day-pay” sprinklers are kept 
continually sprinkling the open available dry workings (haulage roads, 
back entries, non-working pillars, etc.) so that they are not damp but 
actually wet (roof, ribs, and floor). In addition, the various panels of 
the mine are protected by over 100 well-placed, well-filled, rock-dust 
barriers. After the installation of these methods, Dawson became the 
Mecca of Western coal-mining men, with the result that the Western idea 
as to explosion prevention is that neither rock-dusting nor watering is 
the panacea, but rather that the use of water at and around the faces 
will kill the dust as it is being formed and that rock-dusting of haulage 
roads, supplemented by systematically placed rock-dust barriers, will 
protect the other parts of the mine. 

The worst sufferer from the mine disasters in the United States, 
in 1923 and 1924, was the Rocky Mountain region, especially New 
Mexico, Wyoming, Utah and, to a less extent, Colorado; yet, there is no 
tendency to abandon the use of water in these states. The Phelps- 
Dodge Corpn., the largest producer of coal in New Mexico, in its Rules 
and Regulations, at Dawson, issued in 1923 says: 

Firebosses shall be instructed to examine all places and report any accumulation 
of dust or where places are dry, such places shall be immediately posted with a danger 
sign and not allowed to work until brought into proper condition. 

The new Utah State Regulations as to use of water are as follows: 

Water on Mining Machines and Mechanical Loaders. — Coal-cutting machines 
and mechanical-loading machines shall not be operated in coal mines in Utah unless 
equipped with a supply of water applied in a manner to wet down and prevent the 
raising of fine coal dust into suspension in the air. 

Sprinkling. — Every owner, agent, manager, or lessee of coal mines within the 
State of Utah shall provide and maintain water lines in all working places of suffi- 
cient size and pressure to furnish water in sufficient quantities for sprinkling pur- 
poses to wet down all coal dust that may arise and accumulate in and around working 
face. And each worker shall be kept supplied with a sufficient quantity of water 
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hose to enable all parte of the face region to be thoroughly iq>rinkled, this is to be 
used by the workers in each working place. 

Men employed for sprinkling shall make a signed daily report, in a book kept 
for that purpose, of the sprinkling work done, condition of working places, pipe lines 
and any difficulty arising from the lack of pressure, pipe-line shortage, breakage, 
lack of hose, etc., this report to be countersigned by the mine foreman. 

Men employed for sprinkling shall not be used on work other than sprinkling, 
without first having the permission of the superintendent of such transfer, it being 
understood that in case of such a transfer the vacancy shall be filled by a man qualified 
to do that work. 

At Dawson and in Utah, dry coal dust is placed on essentially the 
same status as accumulations of methane. A study of the Dawson 
mine in January, 1924, showed that the firebosses could “post'' very 
few, if any, places, as practically all open parts of the mines were being 
kept wet; except that the coal intake air courses, on which water could 
not be used because of freezing, were rock-dusted. At that time about 
7 miles of this rock-dusting had been done. Before the Utah regulations 
were issued they were approved by every large producing company in 
the state. 

In southern Colorado, in 1910-12, nearly 250 men were killed by a 
succession of gas-coal-dust explosions, and immediately thereafter 
extensive systems of preheating and water and steam-spray were installed, 
also some hose and water-car sprinkling. The result has been practically 
a cessation of explosions in the mines using this system; there has been 
but one such explosion, since 1912, involving death of about 20 miners, 
though there have been explosions in Colorado mines in which essentially 
no humidifying was done. That a person would have considerable 
difficulty convincing most of the old-time southern Colorado coal opera- 
tors or safety men that humidifying methods are a failure is shown by the 
indifferent progress rock-dusting has made in Colorado, notwithstand- 
ing that the Delagua mine, about 20 miles from Trinidad, was probably 
the first fairly extensively rock-dusted mine in the United States. 

While, in the spring of 1924, Utah took the lead among the mining 
states by making rock-dusting compulsory, a greatly extended use of 
water was also made compulsory. All mines are required to have 
water lines piped to all working faces and not only are “day-pay" 
sprinklers required to use water, but every miner must keep his work- 
ing place sprinkled and every machine runner must use water on the 
cutting chain while cutting; and a determined effort is being made to 
enforce these requirements. While some mining men in Utah oppose 
the use of water partly on account of the cost, but largely because the 
wet slack is difficult to screen, hence greatly hampers sizing the coal, 
most of the companies, and especially the larger ones, go much farther 
with the use of water than the state regulations require. One mine 
manager, with much coal-mine operating experience throughout the 
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country and especially in the West, states that while rock-dusting will 
be done where required, he wants his mines kept stinking wet;'' and 
his wishes are being carried out. Another manager, also of varied 
experience, says that he is willing to experiment with rock dust but his 
mines are going to be kept wet. They even go so far in this mine as to 
sprinkle the floor of the workings that have been rock-dusted; curiously 
enough, the effect is good, as the rock-dust coal-dust mixture on ribs, 
roof, and floor seems to absorb and retain the moisture far better than 
does the mine dust when the rock dust is absent. 

One of the unfortunate features in connection with Utah's effort to 
make its coal mines more safe and healthful is the fact that wetting the 
coal makes screening more difficult, so when consumers, particularly the 
large consumers, insist on better screening qualities, there is a tendency 
among some producers to limit the use of water, irrespective of its effect 
on the health or the safety of employees, or on the safety of the mine. 
When some producers do this, the producer who adheres to the spirit 
as well as the strict letter of law, loses business and is thus penalized for 
obeying the law and, also, for practicing sane safe mining. 

In Wyoming, in many coal regions, water is scarce and the coal seems 
to be somewhat less explosive than in Utah, Colorado, and New Mexico; 
watering methods have been and are being used to only a limited extent, 
at least as compared with Utah coal mines. However, there appears to 
be a definite sentiment toward the adoption of state regulations in Wyom- 
ing, modeled largely after those in use in Utah; if this is done both rock- 
dusting (which is now being done to some extent) and watering will be 
in extensive use in Wyoming. 

The foregoing shows that while the Rocky Mountains States are 
decidedly in favor of rock-dusting, they are by no means against water- 
ing methods; rather, they are extending the use of water as both a safety 
and a health measure. The mining men of these states realize that their 
conditions are such that unless all available precautions are taken, dis- 
aster is likely to follow; and these Western mines have problems that do 
not usually confront coal mines of other regions. In the East, during 
much of the spring, summer, and fall, the surface air is highly humid apd 
higher in temperature than the mine workings; so on entering the mines 
the air currents deposit moisture, causing ''sweating," thus tending to 
make fine dust in Eastern mines inert. About the only period of the 
year that these Eastern mines are dry is during a few winter months, 
and even then they have the advantage of the dust saturation throughout 
the workings during the six to nine preceding months. In the Rocky 
Mountain States, "sweating," as found in Eastern mines, is unknown 
and during all seasons of the year the surface air is decidedly dry, hence 
practically every cubic foot of air going through these Western mines 
abstracts, or tends to abstract, moisture from tibe coal and thus makes 
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tbe dust the more ready to explode. For instance, during the past 
sununer at one Utah coal mine, the surface intake air entered the mine 
at 88° dry-bulb, 66° wet-bulb temperature, thus canying about 2 gal. 
water per 100,000 cu. ft. of air; about 9000 ft. from the surface in this 
main air course, this intake sir (about 60,000 cu. ft. per min.) had a 
temperature of 61° wet-bulb, 66° dry-bulb, hence was canying about 
9 gal. water per 100,000 cu. ft. of air. In tbis case the 9000 ft. of intake 
air course was being deprived of about 3)^ gal. of water per minute or 
over 6000 per 24-hr. day, amounting to over gal. per ft. of intake 
entry per day. It is largely because of this situation that Western 
coal mines are made dangerous, that sprinkling fails locally, rock-dust- 
ing must be done on intake air courses, and watering in the interior of 
the mine. 

Many Western coal mines are worked under 2000 ft. or more of cover, 
which tends to crush the coal or to cause “bumps,” both conditions 
throwing much fine dust into the workings; also, many of the Western 
mines working in seams 10 to 30 ft. thick have roof and floor, as well as 
ribs, wholly of coal, hence the road or other dust in the mine runs 90 to 
96 per cent, combustible instead of the 20 to 40 per cent, combustible 
road or rib dust found in many Eastern coal mines, where the seam is 
thin and roof and floor are of friable incombustible material, such as 
shale, slate, fireclay, etc. In these Western mines (with thick seams, 
ribs 10 to 20 ft. or more high, with roof, timber caps, etc. also that height, 
hence almost inaccessible for treatment or inspection) the opportunity 
for lodgment of the very fine, most dangerous dust, as well as of explosive 
gas is great and its removal or neutralization correspondingly diflicult. 
Also many of the Rocky Mountain coals contain large amounts of more 
or less finely divided resin, which is extremely inflammable; many mines 
have oil seeps, which are dangerously inflammable in themselves and 
frequently carry explosive gases with gasoline or kerosene odor and 
probably much more sensitive to flame than methane. Some Western 
mines are decidedly gaseous; the Morley, Colo., mine has given off 
daily, for many years, over 2,000,000 cu. ft. of methane; in several mines 
1,000,000 cu. ft. or more of methane is removed daily. 

Laboratory tests of the explosibility of coals of the United States 
show that while, under standardized conditions as to coal-dust fineness 
and as to temperature of electric arc causing an explosion in the labor- 
atory, Eastern bituminous coals gave pressures from 1 or 2 up to 13* 
lb. per sq. in., nearly every Western coal tested under similar conditions 
gave pressures in excess of 16 lb. per sq. in. and some of them gave 
pressures above 20 lb., or much higher than that shown by practically 
any Eastern coal. Similarly, Bureau of Mines BvUetin No. 167, page 
344, shows that Western coals, in general, require a larger percentage 
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of incombustible (ash, shale, or other rock dust plus moisture) to prevent 
propagation of an explosion than do Eastern coals; the coal with the 
highest requirement mentioned in this series of experiments as to incom- 
bustible to prevent propagation of an explosion came from a southern 
Colorado coal mine. As in this case 82 per cent, of incombustible is 
necessary to prevent propagation of an explosion, whether sprinkling or 
rock-dusting is used, a dangerous condition can be averted only by the 
most constant vigilance. 

When the Western operator considers the immense amount of dust 
unavoidably made as the result of local operating, climatic, stratigraphic, 
and other conditions, and the inflammability of the dust and of the gas 
foimd in his mines and that, unless the dust is mixed with about four times 
its own amount of very fine rock dust, he cannot prevent its propagating 
an explosion, he is naturally quite reluctant to rely on rock-dusting alone; 
also, as his faith in water methods alone is shaken, he is now inclined to 
think that his safety requires the use of both methods. 

One of the most disastrous of the later Western coal-mine explosions 
(Dawson No. 1 Mine in New Mexico) was probably started by the ignition 
of extremely fine road dust that had settled on timbers, from the air on an 
intake haulage road; the dust had an incombustible content (rock dust 
plus moisture) of about 65 per cent. On the other hand when the 
practically pure coal dust of this property was mixed with 8 per cent, 
water and subjected to standard ignition tests (which ignite the dry dust 
at every attempt), the dust mixed with 8 per cent, water did not ignite; 
yet dry coal dust of the same size, when mixed with dry rock dust, making 
58 per cent, incombustible, propagated an explosion readily. When 
there was practically 1 per cent, of methane in the air, an explosion was 
propagated through the dry dust when 66 per cent, incombustible was 
present. Inasmuch as very fine dry coal dust mixed with 65 per cent, 
incombustible ignited and started a disastrous explosion while the dust 
of the same mine when mixed with water so that 8 per cent, moisture was 
present would not ignite when subjected to a standard ignition test, it is 
natural to infer that, at least as far as ignition is concerned, moistening 
the dust is preferable to rock-dusting; and as undercutting, overcutting, 
shearing, drilling, shoveling, blasting, pillar pulling, etc. throw into the 
air much finely divided coal dust, it is readily apparent that around the 
face conditions are likely to be most dangerous. As flame for ignition is 
tound most frequently at or around the face, from open lights and methane 
accumulations, or electric arcs and- methane or dust or both, or blown-out 
shots and methane or dust, it is extremely desirable that the dust at or 
near the face be “killed” and kept “dead” at all times. As 65 per 
cent, incombustible will not prevent ignition of very fine Western coal- 
mine dust, and under some circumstances, such as the presence of 2 to 3 
per cent, of methane, even 80 per cent, incombustible v^l fail to prevent 
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ignition, while 8 per cent, of wafer does prevent ignition, naturally it is 
deemed advisable (in fact, even necessary) to use water around working 
faces. The use of water at and around* the face region, in addition to 
“killing” the dust, as far as aiding in ignition or propagation of an 
explosion is concerned, keeps out of the air the clouds of fine coal dust 
wMch- are certainly detrimental to health of workers, particularly the 
machine runners. On the other hand, the omission of water at the face 
with the attempt to use rock-dusting, would tend to intensify the prob- 
able health hazard to workers from breathing dust suspended in the air; 
this is more true of the face region because air currents are likely to be 
inactive or practically non-existent at some faces, particularly those of 
rooms or pillars, and the very fine dust may remain suspended for hours 
to be breathed by workers. 

Moreover, unless the dust is “wet down” at and around the face 
regions, fine dry coal dust from faces and from tops of or through openings 
in cars will soon settle upon adjacent rock-dusted surfaces, and the 15 
to 30 per cent, of combustible that makes some of our coal-mine dusts 
inflammable will make rock-dusting ineffective almost as quickly as 
evaporation renders sprinkling ineffective. Recently a sample of very 
fine dust (both settled and rock-dusted) was collected from a rib of a dry 
main intake haulage road in a mine where water was used very sparingly 
at the face and not at all on top of cars; when allowed to sift over a lighted 
inatch, the resultant “flare up” was most indicative that rock-dusting, 
to prevent explosion ignition or propagation, must be renewed frequently 
when coal dust is not “killed” by water at the face region or elsewhere in 
the mine. 

While the Rocky Mountain coal-mining region has greatly extended 
the use of water at and round the working faces, it has long been known 
that intake air courses, especially those acting as main haulage roads, have 
been most difficult to keep sufficiently moist. Recent explosions at 
Dolomite, Ala. and Dawson, N. M., originating comparatively near the 
mine entrance on the intake air courses of sprinkled mines have con- 
vinced many of the most enthusiastic advocates of watering methods that 
the use of water on these main haulage intakes is dangerous; in Colorado, 
though, the advocates of the preheating-humidifying system still maintain 
their position. In Utah, to a considerable extent in Wyoming and in New 
Mexico, and to a slight extent in Colorado, the plan now is to rock dost 
thoroughly the main intake haulage roads (roof, ribs, and floor), at least 
as far into the mine as freezing extends in winter; to divide the mines 
and have “day-pay” men sprinkle interior auxiliary haulage roads, room 
necks, and open accessible abandoned workings. In some instances, 
interior rope-haulage slopes are also being rock-dusted; in a few mines, 
some auxiliary entries are being rock-dusted; and in at least one mine, 
the Royal in soutiiem Colorado, it is said that the rock-dusting is being 
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carried to the face and no water is used. In Utah, mines with a daily 
output of about 1500 tons now have three to five or more ‘^day-pay '' men 
whose sole duty is to sprinkle the interior workings (ribs, roof, and floor) ; 
in addition, some of these mines have sprays at main partings, which 
wet the top of all loaded cars as they leave the interior of the mine. The 
face workers are required to keep the face region wet down and- open, 
non-working, but accessible, parts of some mines are kept wet by station- 
ary water sprays. 

One of the worst difficulties where main-haulage main-intake entries 
are rock-dusted is the coal spilled along the tracks from loose or open- 
type cars or from the high topping of cars, or both; this coal soon 
becomes fine and dry and when thrown into the air by passing cars, 
animals, and men, settles upon roof, walls, and floor and tends to make the 
rock-dusting unsafe in a short time. While the ultimate remedies for 
this would be the adoption of a tight car and the restriction of topping, 
neither remedy can be applied readily. In some Utah and Colorado 
mines, a water car is run along these haulage entries, keeping wet the 
region between and immediately outside of the track rails; meanwhile 
every feasible effort is used to prevent this spilling of coal and to do as 
much cleaning of the spilled coal as is feasible. 

Failure to keep abandoned or non-working places well sprinkled is 
responsible for the extension of most of the explosions in mines where 
sprinkling systems are in use. These open non-working regions are very 
dangerous and, if they cannot be sealed, should be kept well sprinkled 
or well rock-dusted. Where they cannot be traveled, stationary water 
sprays running continuously are being much used in the West, but 
the safest method is to seal where feasible; the stationary sprays do good 
work when actually operating, but unless given fairly frequent supervision 
they clog and become inoperative. 

While it is stated that practically 30 per cent, of water must be present 
to prevent propagation of a violent explosion through fine coal dust, the 
writer is somewhat disinclined to accept this. He has seen ''bug dust'^ 
cut with water on the cutter bar that was so wet as to be almost ^'sop- 
ping,’' yet on analysis it gave but 12 per cent, moisture. Certainly no 
explosion, irrespective of its violence, if confined to the usual duration of 
but a fraction of a second, could get this material into such condition that 
it would ignite or explode in that short period of time. While the writer 
is skeptical that an explosion will get any support from coal dust with 
over 10 per cent, of mechanically mixed, or soaked, moisture, dusts of 
lignitic coals with 16 to 20 per cent, or more of combined moisture most 
certainly do ignite. It is possible, however, that a violent explosion 
coming from a dry region, and carrying much dry dust with it, may pass 
through a region of limited distance with wet ‘‘dust’^ on floor, ribs, and 
roof, and if fed dry dust or methane on the far side of the limited wet zone 
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may again take up fuel and continue on its way. However, the writer 
has seen where a 400-ft. zone of water drippers stopped an explosion 
absolutely from going into an entry, which was dry and dusty on the 
interior and from which a considerable number of men later came out 
alive; the explosion, stopped from going in one direction by these water 
drippers, went several thousand feet in another direction where there were 
no drippers and in its travel killed a number of men. 

It is frequently stated that fine dry coal dust either will not mix with 
or absorb water or will do it only with difficulty or delay. Years of 
experience in Western mines prove that even in those mines that have no 
shale, slate, etc. admixture to aid in absorption of moisture and where 
the coal is of a more or less oily nature (oil actually bubbling out of the 
coal fioor or roof in places) if the underground workings are sprinkled 
systematically, the territory not being allowed to become '^bone'^ dry 
before given another supply of moisture, even the newly deposited very 
fine dry dust is easily moistened. However, where sprinkling is of a 
haphazard nature and successive applications of water made only after 
the workings have become dangerously dry, it is difficult to get fine dry 
coal dust moistened; in many cases it will float absolutely dry for days, 
even weeks, upon a pool of water. 

One of the greatest fallacies in connection with the use of water in coal 
mines is that a mine is sprinkled when a water car or hose is run over a 
few workings once each week, month, or year and a little water is placed 
between the rails on the floor. Real sprinkling requires that ribs, timbers, 
and floor be thoroughly washed down and never allowed to become dry. 
If this is not done a mine is not sprinkled; if it is done, the ribs, roof 
and timbers will be kept free of dust and the floor will have the very 
fine, hence dangerous, dust either washed down under the coarse coal to 
the solid floor, or attached to larger pieces in such manner that only a 
violent explosion can bring it into suspension even if it should become dry. 
A sample of floor dust taken across the width of an entry in a 6-in. groove 
about 1 in. deep, where no sprinkling was done, gave 31 per cent, through 
200 mesh, while a sample taken in the same mine (Dawson, N. 
M.) in a nearby place kept fairly well sprinkled gave but 11 per cent, 
through 200 mesh; at time of sampling, both places were fairly dry but the 
place with but 11 per cent, through 200 mesh had usually been kept well 
sprinkled. This is typical of the coarseness of the exposed floor dust 
where real sprinkling is done. 

Another fallacy as to ‘effective use of water is that when water is 
placed on roof, ribs, or floor, there is resultant damage from caving, 
sloughing, squeezing, etc. While probably at first there will be some 
falls or similar temporary trouble, and possibly in a few isolated cases 
permanent difficulties, the number of localities where permanent injury 
is suffered are very few. In many cases when operators had firmly 



1194 


EXPLOSION PBSVBNTION IN COAL MINES 


believed that great damage would be done if water was applied to ribs, 
roof, or floor, when forced by some emergency to try wetting, the danger 
failed to materialize. Eastern operators who have sloughing of roof or 
ribs, as the result of alternate “sweating” and diying, would in many 
instances eliminate this difficulty by using effective watering methods 
in the dry seasons in places where water will not freeze. 

While it is interesting to read of explosions being stopped by rock- 
dusting and rock-dust barriers in southern Illinois, it is dangerous to 
generalize from this that similar results can be obtained in all coal 
mines. Illinois coal dusts are not nearly as inflammable as are coal dusts 
from many other parts of the country, particularly the Rocky Mountain 
States. The writer has seen a report of an explosion in a southern 
Illinois coal mine that was started by gas ignition by open lamp that 
blew out a number of brattices and stopped of itself, as there were no 
sprinkling, rock-dusting, or other explosion-prevention measures. The 
report stated that there was present “ample dry coal dust along the roads 
and ribs to propagate an extremely violent explosion.” From this 
occurrence, it would appear that rock-dusting methods that would easily 
stop incipient explosions in southern Illinois wpuld be of little utUity in 
regions that have really dangerous dust. 

While sprinkling is alleged to have failed in several instances, in 
practically every such case lapses from efficient sprinkling practice 
caused the trouble, rather than failure of the methods. The Dawson 
No. 1 explosion in February, 1923, and the Dolomite explosion in Novem- 
ber, 1922, proved that it is difficult, almost impossible, to apply sprink- 
ling methods safely or successfully to main intake air courses, especially 
those that act also as main haulage roads. This fact is being accepted 
by even the most enthusiastic advocates of watering methods, except 
possibly southern Colorado mines that use preheating and spray systems. 
The Dolomite explosion, frequently pointed out as a failure of sprink- 
ling, really shows how advantageous sprinkling is, for the explosion, 
starting near the mouth of the intake haulageway, reached into the mine 
only about 1000 ft. ; it killed about 90 men, who happened to be concen- 
trated in a limited area, yet on account of the effectiveness of the sprink- 
ling in this very dry mine, the explosion was unable to get into the 
interior of the mine where several hundred other men were employed. 
These men undoubtedly owed their lives to sprinkling. In a recent min e 
explosion at Kemmerer, Wyo., the flame was unable to penetrate a zone 
of a few himdred feet of water drippers and a number of men back of 
these drippers came out alive while the flame traveled nearly all ways 
from, but not through, those drippers with large death toU. In one 
well-eprinkled Western mine, Somerset, Colo., having much gas, a thick, 
dry coal seam, and an explosive dust, there have been at least three 
instances of gas explosions extending up to 1000 ft. or more and blowii^ 
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out concrete overca43ts or stoppings, yet d3ring out on reaching wet or 
recently sprinkled zones. In a violent explosion in a Western unsprinkled 
coal mine, the explosion died on reaching two entries with about 500 ft. 
of decidedly wet sides, top, and floor; in another violent explosion in a 
Western unwatered mine, every man in the mine was killed and the mine 
was wrecked, but the explosion stopped almost dead at a wet region. 
In Utah, while there were two bad explosions in 1924, there have been 
numerous instances at least one of them in 1924, where gas ignitions 
accompanied by considerable heat and force have been stopped by well 
watered workings; in fact, there are few operators of any considerable 
number of years of experience in Utah coal mines who cannot cite several 
instances in which widespread extensions of incipient explosions have 
undoubtedly been stopped by water; hence Utahns loyalty to water- 
ing methods. 

In Pennsylvania, the writer aided in the investigation of an explo- 
sion that killed every man within a dry panel; but fortunately the flame 
did not get out of the panel because the four openings to the panel were 
wet (top, sides, and floor). In this instance, while nearly 20 were killed 
within the panel, the mine had over 500 other workers and in general 
the workings were dry and dusty; here the naturally wet condition of 
some fortunately located workings undoubtedly saved several hundred 
lives. In an Alabama gas explosion, every man in the immediate neigh- 
borhood was killed; but in proceeding outwards, the explosion encount- 
ered wet or sprinkled territory and died out. This list of explosions 
stopped by water can be readily extended, as the writer has records of 
at least twenty authentic cases. As previously stated, while there have 
been explosions in mines having sprinkling systems, the trouble almost 
invariably has not been with the system but with violations of the system, 
and rock-dusting in mines will also fail if rock-dusting is neglected. 
Those people who figure on long-time immunity from danger when 
rock-dusting has been done once will be greatly disappointed, for rock- 
dusting can become ineffective under certain conditions within a few 
days, even within a few hours, after having been placed. Mines that 
regard rock-dusting as a panacea permitting relaxation or abandon- 
ment of other precautionary measures are likely to learn that rock- 
dusting has decided limitations while having also much merit if done 
with judgment. 

Conclusion 

Both sprinkling and rock-dusting, should be done in every coal mine — 
the sprinkling largely at or aroimd the face; the rock-dusting in the 
entries (particularly those on intake air), and both methods should 
cover ribs, roof, floor, and timbers. Both methods must be kept in 
condition, and to do this constant and continuous supervision must be 
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exercised and much rock-dusting as well as sprinkling work must be 
done continually. If efficient sprinkling is not done at the face, not 
only will ignitions be made easier and more frequent but also the coal 
from dry ‘‘bug dust/' blasting, shoveling, etc. at the face and from the 
top of loaded cars and the bottom of empty cars, as well as from coal 
spilled on roadways, will, within a very short time, cause rock-dusted 
ribs, floors, roof, and timbers of entries, abandoned workings, etc. to be 
so covered with fine dry dust as to be easily available for feeding flame 
and propagating an explosion. How easily this may be done can readily 
be figured when it is considered that 25 per cent, the very fine dry coal 
dust that settles out of the air mixed with 75 per cent, of rock dust will 
readily propagate an explosion in some of our Western mines; probably, 
in some cases 20 per cent, or less of very fine dry coal dust will propagate 
an explosion. Some mines that blast after the working shift have 
sufficient fine dry dust deposited from the air after the blast and covering 
ribs, roof, timbers, etc. near the face so that if rock-dusted daily the face 
region surfaces would have an inflammable dust covering when the shift 
went to work. 

It seems to the writer that rock-dusting in coal mines without simul- 
taneous use of watering methods at the face is analogous to such abomi- 
nable practices as adoption of electric safety lamps and allowing smoking 
at the faces, or forcing use of electric safety lamps, and blasting with 
fuse and black powder with the shift in the mine, or spending money on 
electric safety lamps and then saving the money by slowing down the 
fan or reducing the amount expended on overcasts, stoppings, or brattice 
cloth. Whether sprinkling is used or rock-dusting is put into operation, 
or even if both are used, constant attention must be given and renewals 
not stinted; also such adjuncts as keeping up ventilation, restriction or 
prohibition of open lights or of any kind of flame underground, sealing of 
abandoned territory, using nothing but permissible explosives in per- 
missible quantities in blasting, prohibition of blasting with the working 
shift in, the mine, and other good up-to-date mining practices should be 
extended rather than relaxed or abandoned. 

In connection with rock-dusting of coal mines, while much attention 
and much money are being expended at the present time, it is curious 
how little the mining men of the United States use the wealth of infor- 
mation on rock-dusting prepared for them by the Bureau of Mines, 
especially the data in Bulletins 20 and 167 and in Technical Paper No. 
84. These publications should be carefully studied by up-to-date coal- 
mine safety and operating men of .the United States; Bulletin 167 par- 
ticularly should be at their finger tips. 

As to the kind of rock dust to be used, in so far as health is concerned ; 
after having spent at least seven years in studying the effect of dusts 
on health, in both coal and metal mines, the writer believes that if water 
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is used at the working faces and rock dust is restricted to the entries 
and non-working territory, the silica content of dust can be ignored and 
the writer would not hesitate to recommend the use of dust for rock- 
dusting and for rock-dust barriers, with silica content 90 per cent, or 
over provided the dust had less than 10 per cent, combustible and was 
sufficiently fine. Dust is dangerous to health only if in the air around 
workers in such manner that the workers breathe large quantities of very 
finely divided dust into the lungs. By experiment it has been found 
that except at dry, poorly ventilated working faces, the air in rock- 
dusted mines has so little rock dust in suspension as to be negligible. 
But, if rock-dusting is done up to and at dry working faces, and no water 
•is used, there is no doubt that the number of lives saved by the rock- 
dusting in preventing explosion will be far more than counterbalanced 
by lives lost due to respiratory diseases such as miner^s consumption, 
bronchitis, miner ^s asthma, etc., caused by breathing dust. The real 
answer to the problem of prevention of coal-mine explosions is that 
neither watering nor rock-dusting should be relied on alone, but that 
sane, safe reasoning demands that both be used and both be kept under 
careful supervision and maintained even more carefully than is ventilation. 

DISCUSSION 

George S. Rice, Washington, D. C. (written discussion). — The 
author has forcefully presented the merits of humidifying in bituminous 
coal mines, and has emphasized the fact that, to be effective, humidi- 
fying must be systematically done. He tells how humidifying is carried 
on in certain mines in New Mexico, Colorado, and Utah; but I question 
whether the employees can be relied on in all mines, day in and day out, 
to exercise the degree of carefulness he describes. Humidif 3 dng in the 
Rocky Mountain mines is not new. An explosion disaster at the Daw- 
son mine. New Mexico, in 1913, in which 263 men were killed, was 
attributed by the State Inspector to the omission of watering over a 
holiday, which shows that in that mine watering was supposed to be 
done every day. 

Utah has required the use of hose at every face for the past 25 years 
and sprays have been used, yet disastrous explosions have occurred 
in that state. The new mining regulations, by requiring the use of 
water sprays on all mining machines, have added to the safety measures, 
but mining machines have been extensively used in Utah only in recent 
years; in 1912, only 4 per cent, of the total output was machine mined. 
In any case, this wetting has to do with lessening the formation of coal 
dust and ignition at the face; it does not prevent direct ignition of coal 
dust back from the face or prevent the propagation by coal dust of an 
explosion started by the ignition of a body of firedamp at the face. 
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Propagation must be prevented by intensive continuous watering, such 
as he describes, or by efficient rock-dusting. I favor generalised rock- 
dusting back from the face^ and think that the burden of proof that 
watering is better rests on those who favor it, for explosion disasters 
have been occuring not only in this country but in Great Britain and 
quite recently in Germany in mines where watering has been done, or 
in mines considered naturally wet. 

This paper seems to indicate that the usefulness of rock-dusting is 
limited to the outer part of an intake haulage road, where freezing of 
water may occur in cold weather, for use in barriers, and in assisting 
in the process of wetting coal dust; the latter feature is described in an 
earlier paper.* 

Undoubtedly, the path of explosions in mines has often been limited 
by wet places; but on the other hand, explosions have traversed long 
stretches where water has lain over the rails. Each such case must be 
considered separately, as it depends on whether large amounts of coal 
dust, on which the explosion feeds, are carried by^ the advance air waves 
from places farther back, or whether less coal dust was carried and when 
that was consumed there was no coal dust in the wet zone to bring into 
suspension, so that branch of the explosion would cease. In the case 
of the Palos, Ala., explosion (in 1910) there was a wet, untimbered incline 
about mile long, through rock, with no evidence of coal dust on the 
walls, yet a sheet of flame extended about 200 ft. from the mouth of 
the mine and burned to death a postman on a bridge; also, there were 
thick clots of coke on a railroad trestle that crossed over the mouth of 
the mine. 

The author suggests that in the spring, summer, and fall the coal 
dust in Eastern coal mines tends to be made inert by the warm, moist, 
intaking air; past records do not bear this out. Eavenson shows* that 
in this country (from 1839 to 1912) more explosions occurred in January 
than in any other month, but that explosions occurred in every month 
and that there were over one-half as many in August, the minimum 
month, as in January. As bituminous coal mines usually work only 
part time in the summer, there is less time of exposure to explosions. It 
is freely admitted that in new mines, or mines of small area, the effect 
of warm intaking air is of material benefit; but in extensive mines, 
the amount of moistening of coal dust in the interior through this natural 
agency has little effect in preventing explosions, as shown by Mr. Eaven- 
son’s statistics. 

The author indicates that greater natural dangers are encountered in 
Rocky Mountain coal mines than in Eastern coal mines, but, while 

^ Review of Coal^ust Investigations. See p. 1130, this volume. 

* George S. Rice; Investigations of Ck}a! Dust Explosions. Trans. (1914) 50, 567. 

* H. N. Eavenson: Goal Mine Explosions Caused by Gas or Dust. Trans. (1914) 
50^ 588; also Table 2, 605. 
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dangers should not be belittied, certainly, many Eastern mines have 
serious gas and coal-dust problems. Some readers may conclude, from 
the author’s statements, that the coal dust in the Rocky Mountain mines 
is so much more dangerous than that of Eastern mines as to be difficult 
to neutralize by rock-dusting. The Bureau of Mines laboratory experi- 
ments giving relative pressures for different dusts, cited by the author, 
were empiric. It was early determined by the Bureau’s coal-dust investi- 
gators that pressures were not indicative of relative explosibility, which 
conclusion is now accepted by the British scientists. Moreover, to 
make the laboratory tests, the coal had to be ground so that all of it 
would pass through 200 mesh, which destroyed the natural structures 
of the particles as found in average samples of mine dusts. When the 
laboratory tests quoted were foimd to obtain very different results from 
practical large-scale testing, it was decided, ten years ago, to drop that 
method of experimenting. 

The author quotes from Bureau of Mines BvUetin 167 (p. 344) that 
a southern Colorado coal dust requires 82 per cent, incombustible to 
prevent propagation, in contrast to 77 per cent, for Pittsburgh coal dust; 
this was for pulverized dust 75 to 85 per cent, through 200 mesh, which is 
finer than any considerable amount of dust averages from any mine. The 
practical comparison is on the basis of dust of which 20 per cent, passes 
through 200 mesh — an average size proportion found in mines. With 
this size, the Colorado dust has the same limiting mixture as Pittsburgh 
dust, 64 per cent, incombustible (ash of coal plus shale, or dirt, 
plus moisture). 

Recent (unpublished) tests at the Experimental Mine have shown 
that Utah coal dusts of similar size (20 per cent, through 200 mesh) have 
no higher explosibility than Pittsburgh coal dust. The resin content 
mentioned by the author, although highly explosive when picked out 
and tried by itself, forms so little of the total weight of coal that it has no 
appreciable effect on the explosibility of the coal dust as a whole. 

I question the conclusion that, in the Dawson No. 1 explosion of 1923, 
the dust where the explosion originated had an incombustible content 
of 65 per cent., unless sufficient samples had been gathered at that point 
shortly before the explosion. It would be impossible to judge of the 
composition of the dust existing prior to the explosion from any samples 
gathered after the explosion, as the entire dust conditions of an entry in 
the zone of an explosion are changed by the violent gas and air move- 
ments. Tests on the Dawson coal dust (20 per cent, through 200 mesh) 
at the Experimental Mine indicated that 66 per cent, incombustible would 
prevent propagation, as compared with the 64 per cent, limit for Pitts- 
burgh dust. “Ignition” limit would be less (probably 10 per cent, or 
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more), but this was not det^mined, as sufficient dust material for such 
tests was not furnished. 

Apart from the question of the character of the dust on timbers, at 
the supposed point of origin of ibe exploaon, 1 understood that it was 
supposed ignition resulted from the derailment of a trip of loaded cars, 
one containing bug dust; these cars knocked out timbers, which brought 
down the trolley wire and caused arcing whme the wire touched the steel 
cars. Such derailment would stir up a large amount of fine, pure coal 
dust, which would likely be ignited by the arcing and give an initiatory 
explosion. 

The author compares this with an ignition test of the same size dust, 
Hwing 8 per cent, water in addition to natural water of coal (2.8 per cent.). 
Ignition was not obtained, but the flame traveled 175 ft. from the 4-lb. 
bladk-powder shot. If a stronger shot had been fired or only 1 per cent, 
of firedamp were present, 8 per cent, added water would not be nearly 
enough to prevent “ignition” and still more water would be required 
to prevent “propagation.” Tests with Pittsburgh dust of 20 per cent., 
through 200 mesh, required over 16 per cent, water, and for pulverized 
dust, 30 per cent, water to prevent propagation. The author is skeptical 
as to 30 per cent, being necessary, based on his observations of wetted 
“bug dust” from m achine mining. But “bug dust” is relatively coarse; 
screen tests have indicated that usually less than 20 per cent, will pass 
through 200 mesh. In pulverizing, the abrogate surface of the coal-dust 
particles increases nearly as the cube of the diameters, which causes a 
great increase in the ability to hold water by a mass of dust. This 
explains the apparent discrepancy in the amount of water required for 
different si^ of coal dust to wet it so that it will not be dislodged and 
brought into the air by violent air currents.^ 

Dry rock dust, on the other hand, does not depend on preventing the 
coal dust from getting into the air; it is raised by the same concussion that 
raises the coal dust and extinguishes by absorption of heat and 
mechanical interposition of inert particles. 

' The author suggests that rock-dusting requires about four times as 
much rock dust as coal dust to prevent propagation. That may or may 
not call for a large amount of rock-dusting, depending on the care in pre- 
venting the making of coid dust. However, four times gives a very large 
margin of safety as the recommendations of the Bureau of Mines engi- 
neers for a number of Rocky Mountain coal-mine dusts (20 per cent, 
through 200 mesh) varied from 64 to 69 per cent, incombustible to pre- 
vent “prop^ation;” that is, continuance of an initiatory explosion of gas 
or pure coal dust. The coals tested carried from 10 to 16 per cent. 

*Geoige S. Rice, L M. Jones, W L. Egy, and H. P. Greenwald: Coal-dust Explo- 
sion Tests in the Elxperimental Mine. 1913 to 1918, Inclusive Bur. of Mines Bull 
167 (1922) 399, Fig. 48. 
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incombustible, ash plus moisture. Taking the higher limit, 69 per cent., 
and the least incombustible in the coal, 10 per cent., there would be in 
the mixture 34.4 per cent, coal and 65.6 per cent, limestone or shale dust. 
This is less than twice as much rock dust as coal dust but it 
prevented propagation. 

In his conclusions, the author concedes that there is need of both 
rock-dusting and watering efficiently done. He also implies that rock- 
dust barriers may be advantageous, but does not comment on them in 
detail. From previous correspondence with him I think that he is 
apprehensive, as am I, that the designs of some of the barriers that have 
been installed disregard certain fundamental factors that Bureau of 
Mines investigators have studied and rei^rted on in the Experimental 
Mine testing; and many barriers observed in mines are underloaded. 
Experience in testing has shown that the loading should be about 100 lb. 
of rock dust per square foot of cross-section of entry way. 

As a whole, I believe that the author’s views and mine are not so far 
apart as the wording indicates. His paper is admirable in bringing 
strongly to the attention of bituminous-coal-mining men the need of 
increased effort to prevent appalling explosion disasters. I take this 
occasion, now that Mr. Harrington is no longer in the Bureau of Mines 
service, based on ten years of close association with him, to express my 
admiration for his untiring, courageous, and splendid leadership in the 
cause of safety in mining. 

D. Harrington (author’s reply to discussion). — It is difficult to rely 
on mine employees, or even mine management, to exercise the degree of 
carefulness necessary in watering methods to hold mines safe; this state- 
ment is applicable to rock-dusting in almost the same degree as to sprink- 
ling; in fact, if rock-dusting is to be used at and around the face regions, 
in my opinion sprinkling methods will be much more fool- or carelessness- 
proof than will rock-dusting. 

Mr. Rice is in error as to the use of water in the mines at Dawson, 
N. M., before the explosion in 1913; watering was being done very 
ineffectively and intermittently, as shown by the fact that after the 1913 
explosion several carloads of water pipe were placed in the mines. Mr. 
Rice is also misinformed as to ''use of hose at every face for the past 
25 years” in Utah coal mines; it is true that water lines were called for 
but there was no requirement as to hose until the regulation went into 
effect in September, 1920. Even then, use of hose at the face was 
optional, as evidenced by the words: "such hose shall be provided by 
the operator for each and every miner who may request therefore* As a 
matter of fact, comparatively few faces were provided with hose until 
the new Utah regulations made use of hose at the face obligatory. 

While use of water on the cutter-bar of mining machines certainly 
will not "prevent direct ignition of coal dust back from the face or 

TOL. IXW.— 76 
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prevent propagation by coal dust of an explosion started by the ignition 
of a body of firedamp at the face/’ it certainly will reduce the amount of 
coal dust likely to be found either at the face or back from the face. The 
Pittsburgh Coal Co. recognizes this, as General Manaiger Neale, in a 
paper on rock-dusting at Cincinnati, in May, 1925, recognized the very 
de^te advantage of use of water on the cutter-bar; many coal companies 
in eastern and southern states also are using -this system. 

Notwithstanding the Eavenson statistics, with which I am not famil- 
iar, there is absolutely no doubt of the fact that many eastern mines do 
have extensive sweating during various parts of the year, during which 
period mine workings are decidedly wet. This wetting is so bad, due to 
sweating, in the Experimental Mine of the Bureau of Mines near Pitts- 
burgh, that explosion tests by the Bureau must be suspended during the 
sweating months; moreover, the fact that explosions occur during the 
slack working periods in spring and summer, as reported by Mr. Rice, 
is due usually to relaxation in precautionary measures to aid in decreasing 
cost; and to poor ventilation, shooting, and other methods, rather than 
to any other cause. 

I disagree decidedly with Mr. Rice’s conclusion that the Bureau of 
Mines laboratory experiments on coal explosibility are unreliable or 
merely of empiric nature; certainly the statement that pressures obtained 
in laboratory experimental work are not indicative of relative explosi- 
bility is not the opinion of at least two men who were engaged in that 
experimental work and with whom I have talked personally. Nor do I 
agree that the resin content of coal, because of its relatively small amount 
compared to total weight of coal, is of "no appreciable effect on explosi- 
bility of the coal dust as a whole.” The resin is present chiefly in thin 
layers, very brittle and quickly reduced to dust, and is exposed on very 
many face clats, and the very fine settled dust on ribs, roof, and timbers 
(the most dangerous kind of dust in a mine) has a high resin content in 
many Utah mines. Recently, I took some settled coal dust upon a 
rock-dusted rib, in a Utah mine, with resinous coal. An analysis showed 
70 per cent, ash, yet when the dry dust was tifted over a lighted match, 
it flamed, thus indicating the high degree of inflammability of Utah coal 
dust, plus resin, even when 70 per cent, of rock dust was present. Mr. 
Rice will admit that if finely divided black powder were distributed over 
coal surfaces, there would be appreciable effect upon explosibility even 
if (miy relatively small amounts of black powder were used. The fine 
dry friable resin in Utah’s coal seams is but a little less inflammable 
than black powder. The recent Bureau of Mines’ tests of Utah coals, 
to which Mr. Rice refers, ignore this matter of resin, hence get low 
explosibiliiy results; but unfortunately Utah coal mines in actual opera- 
tion are unable to ignore or to eliminate the resin, and if they are to avoid 
disaster, they must take measures toward checking its menadng influence. 
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As to Mr. Rice’s skepticism that an extremely fine dust vith 65 per 
cent, inert matter, settled upon timbers, would ignite, to start the Daw- 
son explosion, after having been subjected to the intense heat of an elec- 
tric arc, it has been recently demonstrated that a Utah rib dust, with 
70 per cent, inert matter, ^;nited when sifted over the flame of ordinary 
lighted match. 

Mr. Bice sasrs that the necessary percentage of rock dust depends 
“ on the care in preventing the making of coal dust,” yet throu^out his 
discussion of this paper he seems to take a definite stand against the use 
of water to prevent formation of dust. In my opinion, this is exactly 
where the rock-dust enthusiasts faU down, as rock-dusting does not, in 
any manner, aid in prevention of dust formation, or its dissemination — 
in fact, rock-dusting intensifies mine dustiness. 

Mr. Rice is in error when he states that the paper in question “ seems 
to indicate that the usefulness of rock-dusting is limited to the outer 
part of an intake haulage road, where freezing of water may occur in 
cold weather, for use in barriers and in assisting in the process of wetting 
coal dust.” The first part of the conclusions in the paper states defi- 
nitely that “ both sprinkling and rock-dusting should be done in every 
coal mine — ^the sprinkling largely at or around the face; the rock-dusting 
at the entries (particularly those on intake air).” 

In fact, the above sentiment is found throughout the paper and the 
thought throughout is that face sprinkling will be almost indispen- 
sable if rock-dusting of other parts of the mine is to be successful. I 
am confident that Mr. Rice himself is in favor of the use of water at and 
around the face; in any event, he is on record in some of his publications 
to that effect. 

Mr. Rice’s written discussion of the paper in question reaches me 
when I am sadly pressed for time, hence it is not feasible to answer all 
of his arguments. I agree that his ideas and mine are in the aggregate 
essentially similar, but with the difference that Mr. Rice seems, in this 
discussion, to wish to bum his bridges behind him, in so far as refers to 
his past advocacy of use of water, while my attitude is that watering 
methods should be used where experience and common sense teaches that 
rock-dusting as well as general mine safety and health will be aided. 
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Safeguarding Coal-mining Operations against Danger firom 

Oil and Gas Wells 

Bt a. W. Hesse/ Nemacolin, Pa. 

(New York Meeting, February, 1925) 

Twelve years ago, some coal-mine operators, mining engineers, oil 
and gas operators. Bureau of Mines engineers, geologists and state mine 
inspectors met in Pittsburgh, Pa. to discuss and solve if possible, the 
problems in connection with the drilling of oil and gas wells through or 
near coal mines and through the future coal reserves. Regulations were 
drafted and presented by 0. P. Hood and A. G. Heggem of the Bureau 
of Mines. ^ There was considerable discussion of the various articles, 
practically all of which appear in Bulletin 65, but the interest aroused at 
that meeting was short lived. Practically none of the important coal- 
producing states gave the matter the consideration it should have 
received. 

Notwithstanding the marked progress in safety work, coal mines still 
have an unenviable reputation for mine explosions. Our mining laws have 
become stricter and the enforcement, especially in Pennsylvania, more 
rigid, but what good will come from a rigid enforcement of the mining 
laws if some source of danger exists all around the mines, over which the 
operators have no control? It is hardly necessary to recite all the cases 
of natural-gas explosions published in Bulletin 65, but with some of them 
I am especially familiar. In 1912, while visiting the Miners’ Hospital, 
at Fairmont, W. Va., my attention was called to a patient swathed in 
in bandages so that no part of his face and hands were visible. He had 
not been told that his two sons, mere boys, had died of the bums they 
had received in the same accident — explosion due to natural gas leaking 
into a coimtry mine at Peora, Harrison Co., W. Va. 

* Chief Mining Engineer, The Buckeye Coal Co. 

* G. S. Bice, 0. P. Hood e( ol. (Ml and .Gas Wells through Workable C!oal Beds, 
Bur. of Mines Butt. 65. 
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Fig. 1. — Projected plan of mine workings with gas wells surrounded by pillars op coal. 
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The ezplomon that wrecked mines 47 and 49 of tilie Consolidation Coid 
Co., at Middleton and Enterprise, W. Va., respectively, was due to gas 
from a well that was considered properly cemented; that is, the SK-ui* 
(No. 1) casing was run in to a point 82 ft. below the Pittsbui^ coal and 
the space between the casing and the walls of the 13-in. hole was sup- 
posedly filled with a cement mortar (1 part cement to 2 parts sand) to a 
point about 20 ft. above the coal. The mixture was poured in around the 
pipe at the top of the hole; whether or not it reached the bottom is 
a question. The escaping gas evidently came from the bottom of the 
Sf^-in. casing, as this casing was capped at the top to catch all the gas 
from the interior casing and tubing. Whether the gas followed the walls 
of the hole part way up and then spread, or spread out at the bottom and 
seeped up through the 82 ft. of rock strata, is mere conjecture; it did 
spread somewhere before it reached the coal bed, and the mine air was 
soon charged with natural gas coming from the floor of the mine at various 
places in the neighborhood of the well. That the explosion was not more 
disastrous was due entirely to the Consolidation Coal Company’s policy 
of keeping all coal dust watered down in all its mines. 

The explosion at Reynoldsville, W. Va., near Clarksburg, was caused, 
presumably, by a closed line forcing the gas down through the bottom of 
the outside casing, thence to the face of the single mine-entry working 
1500 ft. distant. After the explosion, a 2-in. hole was drilled into the 
face of the entry at one point where the gas was escaping and a 1-in. 
pipe was inserted. The pressure of the flowing gas through this pipe 
showed 0.2 in. water gage, indicative of a flow of 17,560 cu. ft. per 24 hr., 
or 12.2 cu. ft. per minute. As the low explosive limit of methane (CH 4 ) 
is 5.5 per cent, and of ethane (CiHa) 4.98 per cent,* about 200 cu. ft. of air 
was necessary, with a spark or light present, to set off a minute’s flow of 
this particular leak, lliis alone was sufficient to create a tremendous 
disturbance and, in a single entry with no provision for taking a flow of 
air to and away from the face, the standing air was highly charged coin- 
cident with the miner’s shot. In both gaseous and non-gaseous mines, 
thousands of entries have standing air in them after they pass the cross- 
cut through which the air traverses to the parallel entry, and any unex- 
pected flow of gas quickly changes this standing air until it is like so 
much powder in a cannon. 

In the Cafion City district of Colorado, mines have struck oil which 
has continued to flow for several months. Among these are the Rockvale 
and Coal Creek mines of the Colorado Fuel & Iron Co., adjacent to 
what is known as th^ Fremont oil field. One flow of oil, struck in the 
Coal Creek mine, in 1922, produced 25 bbl. per week, and was the cause of 

*G. A BuneS: Notes on Mine Gas Problems. Proe. West l^rginia Coal Min. 
hist (1912) 294. 
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a disastrous mine fire. This flow of dl from a well would hardly be 
classed as a bonanza by an oil operator, but in a coal mine it is a 
terrible menace. 

CORBBLATION OF COAL WITH OlL AND GaS 

A coincidence exists between volatUe matter in coal and oil and gas 
accumulation;* coals of over 40 per cent, volatile matter have been 
correlated with the principal fields of oil and gas of the world. It is 
natural to expect that the higher volatile coals will be worked in the 
future, as the coals of higher fixed-carbon content become exhausted; 
therefore, we are just approaching this additional hazard in coal mining- 
Just how many wells have been drilled in these fields is imcertain, as a 
great many have never been surveyed and charted. Whether or not those 
still in service are properly cased and packed cannot be proved and those 
plugged may or may not have been plugged according to the laws govern- 
ing that work. In the western part of Greene County, Pa., the coal is 
really just coming into prominence and in certain sections of that field, 
the drilling has been very active for a number of years. The same 
conditions apply in the Cameron, Littleton and other districts of West 
Virginia, where the coal has been given little attention until recently. 
In the eastern part of Greene County, Pa., two wells were drilled whose 
locations are not known exactly, even by the drilling company. 

Once the strata are punctured and the gas or oil tapped, as long as 
there are casings in the hole, the well is a menace to the workings in that 
vicinity and to the lives of the men laboring underground. In the cases 
of gas -leakage cited in this paper, the gas came from a capped well or 
from a well with the valves closed. 

In 1911, the New Staunton Coal Co. sank a well near its top works, 
at Staunton, 111., to ascertain whether or not there was a coal seam under 
the seam being worked, which was 280 ft. under the surface. When 
the hole reached a depth of 533 ft., a gas pocket of considerable volume 
was encountered, which burned for six weeks and gained widespread 
publicity. As a precautionary measure, the coal company left the 
casing in place and, in addition, walled up the pillar through which 
the well passed. 

In 1916, a mining engineer connected with the Vinn Oil & Gas Co. 
asked the coal company for permission to drill for oil and gas throu^ 
some coal rights purchased from a family named Schuette. At that time, 
the mine workings were well within the Schuette tract and the coal 
company refused to grant a location there or elsewhere. The oil and gas 

'Dividing the State of Pennqrlvanis into Areas Having Coal of Equal VolatQe 
Content. Cool Agt (Sept. 18, 1924). 
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company served notice on the coal company that it intended to enter and 
drill the Schuette tract, whereupon the cod company filed an injtmction 
against the oil and gas company in the Circuit Court of Madison County, 
October Term, 1916. The Court ruled that the oil and gas company 
could not drill through the Schuette tract because the workings had 
reached that point, but gave it the right to drill through coal owned by 
the coal company beyond the workings. The coal company was forced 
to indicate a location and the well was drilled. The territory proved dry 
and the matter was dropped, but two years later, the same engineer, 
representing the Johnson Oil & Gas Co., asked the New Staunton Coal 
Co. for a location comparatively close to the main and ventilating shafts, 
because the gas pocket was tapped near that point in 1911. The coal 
company refvised to give a location at any point in its coal field, and 
nothing further developed. 

Court proceedings are not desirable methods for establishing the 
status of the two industries, but with coal mines spreading into gas 
and oil fields not heretofore exploited, with the accompanying danger of 
striking wells and gas or oil feeders from the leakage of worn-out packers 
and casings or abandoned holes, there must necessarily follow a common 
understanding as to the protection of both interests. 

Policies of the Past 

In 1908, Dr. I. C. White, state geologist of West Virginia, before 
riie American Mining Congress, called attention to the situation as “an 
ever-impending peril to deep mining over oil and gas areas, and to 
unknown waste of coal and precious lives that may possibly result there- 
from.” The Consolidation Coal Co. in West Virginia was not long in 
recognizing this possibility and that same year began to take an active 
interest in the drilling of wells through its coal in the Fairmont field. 
The oO and gas companies were asked to make provision in their drilling 
operations to prevent the possible escape of oil or gas from the casings 
into the coal or mines. 

As a result of these requests, one company drilled a 15-in. hole to a 
depth of about 30 ft. below the bottom of the coal, ran in a lO^in. casing, 
then poured grout, made up of one part cement and two parts sand, 
around the casing from the bottom up to a point about 30 ft. above the 
top of Ihe coal. The grout was poured through a 2-in. pipe, which was 
run from the top to the bottom of the hole on the outside of the casing; 
as ^e hole filled up, the pipe was raised a joint at a time. This method 
assured the placing of the grout on the bottom, at least. 

Anothm* company drilled a 13-in. hole to the depth mentioned and 
used either a 10 or 8^-in. casing, but adopted anothw method of placing 
the grout. Before the last joint of the casing was put on, the entire 
mixture oS grout was poured into the hole, thus filling the entire area 
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of the IS-in. hole. Then the casing was dropped onto the bottom and 
the grout on the interior of the casing was bailed out and poured in arotmd 
it at the top. Other companies poured the grout around the casing 
at the top. 

Some companies could not see the value of any of these plans and 
cemented their wells only after considerable pressure was brought to 
bear on them; but in practically every case the cementing was done as 
soon as the hole reached the depths mentioned. This practice, I am 
told, is still being carried out in the Fairmont field. In Greene County, 
Pa., the first and third plans are used in cementing the first casing; but 
companies want to postpone (and in a number of cases have postponed) 
the cementing until they find out how much the wells are worth. By the 
time a well is proved, the probability is that the hole has caved or bridged 
so that there is little likelihood of the grout ever reaching the bottom of 
the hole; as evidence of this, in some instances, the grout ran out over the 
top long before the required number of batches were run in. 

Plugging and Abandoning Wells 

The plugging and abandoning of wells have been covered in nearly 
every state by law, and the oil and gas companies have thus been held to 
some semblance of protecting the coal operator; but some of these laws 
need revision. For instance. Section I of the Pennsylvania General 
Assembly, Act of 1921. “ . . In abandoning any well which has been 

drilled through marketable coal, after the inside casing has been drawn, 
there shall be placed a two (2) inch vent pipe extending from a point 
thirty (30) feet below the coal bed for a distance of eighty (80) feet in 
height; said pipe to be encased in cement, after which the outside casing 
may be removed.” With a pipe extending only, say, 44 ft. above the 
coal seam, and a cover of 600 or 700 ft. of rook and soil sediment, an 
accumulation of gas could easily gain access to the coal seam. Section 
II of this same Act states “Whenever the production of any gas well is 
not sufficient, in the estimation of the owner, to justify leaving the casing 
or casings in the well, the well may be utilized through tubing placed on 
a packer, and, after cement and sand has been poured on the packer to a 
depth of not less than ten (10) feet, the casing or casings may be pulled 
and the hole outside of the tubing filled with sand, cement, rock, sediment, 
clay or other material, to a point at least thirty (30) feet above the 
highest producing sand, so as to completely shut off all the water* from 
the various sands, after which the casing may be drawn. Upon the 
abandonment of such gas well, if the plug or bridge shall be plac^ in the 
tubing at a point near the depth at which the packer was set, and cement 


*£ditor’a-italics. 
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and sand poured in on said plug or bridge to a depth of not less than 
thirty (30) feet, it be held a compliance with the provisions of this aOt 

relating to plugging and abandoning of wells.” Without any intention 
of reflecting upon the sincerity of the oil and gas operators in their 
plugging operations, it may be considered doubtful if many will use 
sand or cement when “clay or other material” is permissible. Also, 
what well is abandoned until the production of gas is insufficient to 
justify leaving the casings in the well? It leaves the matter entirely 
to the judgment of the owner and it is not a matter of plugging the 
well to prevent the escape of gas, but to shut off the water from the 
various sands. ' It is the poorest law ever passed for the protection of 
coal operations and the safety of human life; especially poor compared 
with the intelligent draft of proposed regulations submitted by the 
Bureau of Mines at the Pittsburgh meeting in 1913. 

Action in Various States 

The State of Ohio has gone into drilling, mapping and plugging of 
wells quite carefuUy.^ lUinois also has given the matter of oil and gas 
wells some consideration for the protection of the coal interests. Indiana 
has some good regulations affecting oil and gas development, and the 
plugging of wells; but none directly governing the relationship of the coal 
and the oil and gas industries. However, “The (Indiana) commission 
may make rules and regulations authorized by this act and such others 
as may be necessary in their judgment to carry out its provisions, and 
such rules and regulations, when approved by the governor, and promul- 
gated as hereinafter provided, shall Imve the force and effect of law. . . .” 
.Tennessee has not yet had a conflict of these interests, although Fentress 
Coimty is now producing both coal and oil and oil pools are sometimes 
discovered in imexpected places. No legislation has been passed and 
none is likely to be until the wells begin to penetrate the seams under 
development. The Railroad Commission of Texas governs the drilling, 
casing, etc. of gas and oil wells in that state, and H. E. Bell, chief super- 
visor of the Ofl and Gas Division, writes, “Inasmuch as we have had no 
gas or oil development around or near the coal fields of the state, this 
question has never presented itself to us for solution.” West Virginia 
has a relation covering the plugging of oil and gas wells; but when that 
is said, all is said. Colorado in its laws relating to the Inspection of Oils 
and Paints, Sec. 30, provides for the plugging of abandoned wells by 
requiring wood plugs to be placed below and above the water-bearing forma- 
tions; Sec. 32 allows the drilling of wells as near as 15 ft. from the mine haul- 
age or airway; Sec. 33 provides for preventing surface water from entering 
the mine by means of the casing; ^c. 34 requires that when oil or gas is 

Indnst. Com. of Ohio, No. 7. 
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found and the well passes throui^ the coal seam or mine workinp, they 
shall be sufficiently protected by casing so that the gas or oil shall not 
come in contact with the coal seams or enter the excavation of worked 
out seams. The state coal mine inspector is notified after a well drills 
through a coal seam or penetrates somebody’s coal mine, by the state oil 
inspector, who first gets the information from the owner of the weU. 


CobPEBATION BETWEEN OPEBATOBS 

Wherever oil and gas weUs have been drilled throng seams of coal 
under development, the coal operator has tried to protect his mine and 
employees by seeking the codperation of the oil and gas operator and by 
leaving a certain quantity of his coal in the ground, around each well. In 
the Fairmont field, the Consolidation Coal Co. lays off a block of coal 100 
ft. square up to a 200-ft. cover. With an increase of cover, the block is 
increased on a ratio of one-half to one, until the cover reaches 400 ft., at 
which point the block is 200 ft. square. For coveringgreater than 400 ft., 
the size of the block of coal is the same. Frank Haas says that mining 
has been completed around several wells in the Fairmont field, each 
protected by the full-size pillar, with apparently no damage to any 
well; at least, no leakage of gas has been discovered. The New England 
Fuel & Transportation Co., in the Fairmont field, deviates somewhat 
from this practice by leaving a circle with a radius of 100 ft. around the 
well. The coal mine of the Four States Coal Co., Four States, W. Va., 
is protected by the methods already stated, during drilling operations, 
and when the coal is mined around a well a block of coal 100 ft. square is 
provided for its protection. When a well is plugged, the coal company 
is usually notified and an inspector is sent to witness the plugging. 
Mr. Beeson, of the Four Stat^ Company, believes that in a developing 
field similar to the one in which his company is operating larger blocks of 
coal aroimd gas or oil wells are advisable. The practice in the Pittsburgh 
field is to leave a block of coal only 40 ft. square around a well; also this 
practice seems to prevail elsewhere, although originally the amount left 
was usually at least 100 ft. square. This seems to be courting danger, 
in view of the fact that 100-ft. barriers between main entries and pillar 
robbing have been known to spall off under a 500-ft. cover and cause 
bottom heaving in the entries. Data gathered by the Committee on 
Ground Movement and Subsidence bear me out in the opinion that 
under heavy cover with the coal taken from all four sides of a 40-ft. block 
around a well, there is conmderable danger of strata movement over this 
area, with the probability of breaking the casing, or breaking the hole, 
if there is an 3 rtffing left in the hole. 
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Essential Points to Consider 

Too much has been left to the courts of equity for settlement and it 
appears that unless some rules are formulated, for the guidance of both 
parties, some serious accidents will occur to mar the efforts that are now 
being put forth for the welfare of our miners. 

Before plugging any well from which oil or gas has been taken in any 
quantity, the rock pressure should be ascertained, and this should deter- 
mine the method to be followed in sealing off the possible escape of gas. 
The well that caused the Middleton-Enterprise explosion had at least 
850 lb. rock pressure, and forced the gas up through 82 ft. of rock or by 
the 82 ft. of cemented casing. It is hardly possible that with an accumu- 
lated pressure of several hundred pounds, a wood plug followed by 30 ft. 
of cement mortar with loose rock piled on top would be sufficient to 
contain the gas. The old wells do not have even 30 ft. of cement in 
them and the results are showing on the surface. There is one not far 
from Nemacolin, Pa., there was one not far from Barrackville, W. Va., 
and as a boy I frequently visited one in the outskirts of Wheeling, W. Va. 
No doubt there are a great many more. 

The cementing of the No. 1, or outside, casing where it passes through 
the coal has been done, in a great many cases, in a haphazard manner. 
Some companies in the Greene Coimty field of Pennsylvania have refused 
to cement in the No. 1 casing until the drilling was finished which, in 
nearly every case, meant that the cement never reached the bottom of the 
hole, because caves had occurred between the time the first casing was 
put in and the finish of the drilling. J. W. Devison, of the New England 
Fuel & Transportation Co., says: ‘‘In the recent past we have had some 
trouble with certain oil and gas companies refusing to comply with the 
custom of this field.’' He referred to the Fairmont field. Certainly 
coal operators do not wish to deprive the drilling companies of the 
enjoyment of their resources imdemeath the coal beds; but some oil and 
gas producers ignore the reciprocal duties imposed by nature and recognized 
by the courts. Why were coal-mining laws necessary? Because explo- 
sions and accidents made it apparent that things were not being done in 
the safest manner. We have had explosions and fires due to oil and gas 
wells. Must we wait until they occiu* more frequently or on a larger 
scale? With properly worded laws and the same standard of inspection 
as prevails in Pennsylvania coal mines, we will have taken at least 
a step in the right direction for safeguarding human life. The companies 
that are following the right lines, and there are several, need have no 
fear of such regulation. Their cooperation is appreciated, where it has 
been voluntary in their locations and drilling, and it will be appreciated 
in any proposed legislation. Judge Burton’s opinion, handed down in 
Macoupin County, 111., in injunction suit against drilling companies, was: 
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“Where there is reasonable ground to expect or believe that the drilling 
for oil or gas through a coal seam or mine may materially increase 
the hazard or the danger to the persons or lives of those en^tged in the 
active operations of the mine beneath the surface, the enjoyment of the 
right of the production of oil or gas may be surrendered partially or 
postponed as circumstances may require. The (Illinois) Genial Assem- 
bly has enacted laws dealing with some of the questions. Much more is 
needed to be done. Especially is this true as to terms and requirements 
for the drilling of wells for oil and gas through the working and abandoned 
parts of coal mines.” 

The American Institute of Mining and Metallurgical Engineers can 
do much toward helping to decide, after a careful investigation, how oil 
and gas wells should be drilled, protected and plugged, and what redress 
the coal operator shall have for the quantity of coal rendered worthless 
by such drilling. With this information available, any body of legislators 
can furnish the remedy for the inadequate protection which now exists, 
by efficient laws and regulations. 

DISCUSSION 

A. W. Hesse. — The well under investigation. No. 101, Fig. 2, was 
started about Sept. 5, 1921, and drilled-in in November. The first hole 
was started with a 13-in. bit and reached the Pittsburgh coal at a depth of 
563 ft.; at 602 ft. the 10-in. casing was run in and the weU was continued 
with a 10-in. bit and 1400 ft. of 8-in. casing was put in. It was then 
continued to a depth of 1770 ft. and 6-in. casing put in; then continued 
to a depth of 2555 ft. where the gas was struck. As the well produced 
only about 100,000 cu. ft. per day, 2-in. tubing was used to conduct the 
gas to the surface and connected into the pipeline. On June 7 and 8, 
1922, the 8-in. casing was pulled and an attempt was made to cement 
the 10-in. casing where it passed through the Pittsbui^h coal. Thirteen 
batches of grout, consisting of one sack cement and two sacks sand, were 
poured in the hole around the 10-in. casing at the top of the hole. The 
reason given for not cementing the well earlier was that the roads were 
almost impassable at the time the well was drilled-in. The gas from this 
well was used until late in the fall of 1922, when it was plugged without 
our knowledge. In March, 1924, as our mine work approached the 
point at which we had to decide whether to take out all the coal, or leave 
a protecting block of coal around the well, we discussed the matter with the 
owners and learned that the well had been plugged and succeeded in 
obtaining an affidavit to that effect on May 22. This affidavit showed 
that the well was bridged at 2550 ft. and filled with rock and sand pump- 
ings to 2382 ft. At this point a wooden plug was driven, on top of which 
rock and sand pumpings were filled to a depth of 2330 ft.; then the well 
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was bridged at 1960 ft. depth and filled with rock and sand pumpings to 
1825 ft., at which point a lead plug was driven and the well filled with rock 
and sand pumpings to a depth of 1780 ft. All the casing had been pulled 
with the exception of the 10-in. of which 400 ft. had to be left in the hole. 

Not being satisfied with the manner in which this well had been 
handled, we approached it with our mine workings as illustrated in Fig. 
3. When the location of the fiirst^hole was reached, a line was set by 
transit and, on Nov. 30, 1924, the first hole was drilled to a depth of 17 
ft.; a second, 12 in. to the right and parallel to the first to a depth of 10 
ft. ; a third 24 in. to the right of No. 1 and parallel thereto for a depth of 



Fig. 2. — Skktoh showing gbnnbai. i.ocation of gas No. 101. 

8 ft.; a fourth 36 in. to the right of No. 1 hole, but turned slightly to the 
right of the parallel line No. 1 — alt missed the well. A fifth hole was then 
drilled 15 in. to the left of No. 1, 10 ft. deep and parallel to the rib of the 
room and three more holes likewise drilled across the face of the room, to 
make sure that the well would not be struck by a coal-cutting machine 
when the next cut was taken out. After the next cut was taken across 
the face, a 3-ft. cut was taken out on the line of the cross-cut to the right. 
After drilling several holes into this cross-cut, one struck the casing about 
13 ft. from the center line of the room. Quite a flow of water gushed 
forth und» sufficient pressure to thro.w the 10-ft. augur across the room 
and the odor of gas and oil wras so strong that it partly overcame a fireboss 
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standing in one comer at the face of the room. The fact thatthiswater 
was released showed that the grout had not sealed off the 10-in. casing 
where it penetrated the coal seam, and no doubt never reached the bottom 
of the casing. After flowing considerable water, the hole was plugged 
and allowed to remain until the next day, when the augur was again poked 
into the hole, bringiag forth another flow of water. On Dec. 5, the water 
was again released and apparently the hole drained out, or bridged above 



so that it was possible to leave out the plug. It was then decided, in 
order to avoid any possible flow of surface water, or water from some 
upper strata drowning us out, to drill two more holes and grout around the 
10-in. casing as far down and as far up as possible, without puncturing 
the casing. Preparations were immediately made and on Dec. 10, holes 
and pipe were placed approximately as shown in Fig. 4. The grout 
macli^e was attached to the center hole B and five batches of grout (each 
batch consisting of 1 sack cement and 1 sack sand) were forced in around 
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the casing; when the fifth batch was forced in, the grout vented out of the 
bottom hole A. The bottom hole A was then closed and the sixth batch 
forced dear water out of the top hole C, When the eighth batch was 
poured in, grout came from the top hole C, which was then plugged and 
the grouting was continued. After twenty-nine batches were forced in. 



Fio. 4 . — Section of oas well no. 101, showing method of oroittino around 

ABANDONED CASINO. 

the center hole B became plugged. The hose from the grout machine was 
then taken off, but no grout could be located in the center hole B back 
to the casing. The top hole P was then opened and likewise showed no 
grout in the pipe. The grout machine was then attached to the top hole 
C, and the center holeB was allowed -to remain open. The first batch 
went through the top hole C with difficulty and the middle hde B vented 
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slightly. The next three batches went in without any venting at the 
middle hole B, but the fourth batch went in with some difficulty, while 
hole B vented some air. Some of the fifth batch had to be bypassed but 
the grout machine finally emptied itself through the hole. The top 
hole C would not take the sixth batch so it had to be wasted. The 
grout machine hose was again connected to the middle hole B and a 
batch sent through; air vented in a drill hole about 4 in. to the right of 
hole B. On the next batch, hole B was plumed with only a portion of the 
batch. Just before this batch was poured, the drill hole 4 in. to the right 
was plugged with wood, but the air that went in with the grout vented 
alongside of the pipe in hole B. 

On Dec. 15, the coal was dug away from one side of the casing, exposing 
the grout that had been previously poured in, also that which was poured 
in on Dec. 10. At some places, the grout was only in. thick and little 
or none of the grout poured in by the owners of the well reached the 
bottom; the fact that we could force so much grout around the casing 
from the mine interior was conclusive evidence of this, because, from 
rough figuring, one batch of grout should fill about 1.42 cu. ft., or 4.18 
ft. of vertical distance around the pipe. Five batches brought the grout 
up to the vent pipe or a distance of 21 ft. It is probable that 
the remainder of the distance of 31 ft. from the vent pipe to the bottom of 
the casing was caved. It then required about thirty-one more batches, 
before the head of grout became too great for the air pressure (about 90 
lb.) used in the grout machine. 

After the casing was exposed, a ^ 2 -in- hole was drilled through it and 
water spurted about 25 ft. from the casing, indicating, from a calculation 
of the trajectory, a head of 136 ft. The hole was again opened on Dec. 
16, and the pipe allowed to drain about 24 hr., when a J^-in. hole was 
drilled in the casing, because the smaller hole plugged up; 45 min. later 
the casing was unwatered to that depth. The mine fan was exhausting, 
but instead of the air entering into the mine from the casing, as was 
expected, it traveled in the opposite direction. A few hours after the 
water had run out, the water gage on the hole showed 0.07 in. on 
the reversed air. Evidently the well had bridged above and a vacuum 
formed when the water ran out; for the next day the air showed no move- 
ment through the J^-in. hole either way. 

As the plugging record showed that the well had been filled to a depth 
of 1780 ft., or 1209 ft. below the coal, we desired to know the present situa- 
tion, so a lead sinker, attached to a twine, was dropped through the 
hole into the casing; the distance to the bottom was 92 ft., showing that 
the hole had caved full to that depth or had caved and bridged at 
this level. 

TOL. IJCXI. — 77 
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' A. Hitblbubt,* Pittsburgh, Pa. (written discussion). — ^Running to 
the legiriature to cure evils is an unsatisfactory method. There are now 
enough laws on the statute books of Pennsylvania. Codperation between 
the coal companies and the large gas and oil producers is the only remedy 
that will satisfactorily take care of this situation. The paper gives little 
weight to the rights and necessities of the gas and oil operators. Where 
the latter companies have rights prior to the rights of the coal companies, 
it would seem only right that the coal companies should stand some of the 
expenses connected with protecting their mines; and unless a codperative 
agreement can be worked out, there will be continued opposition by these 
companies. The gas and oil people are as aiudous to protect life and 
property as are the coal people, but neither of us can escape our share of 
the responsibility. 

The cause of much of the trouble is from wells long since abandoned, 
and by codperating with the larger gas and oil companies, the coal 
companies can find the location of most of them, whether they belong 
to'^the large companies or not. Fig. 1 shows a condition rarely found. 
While I do not know exactly to what it refers, it undoubtedly was in an 
oilfield, and certainly in Pennsylvania and West Virginia the average 
run of holes drilled by gas and oil companies are very much further apart 
than are here shown. 

A. W. Hesse. — The Philadelphia company was as largely responsible 
for the holes shown in Fig. 1 as any company drilling in that field. While 
I am not the author of this figure, I know its origin, having been connected 
with the Consolidation Coal Co. at the time this field was drilled. The 
holes are as close as shown, and the figure is an actual reproduction; the 
holes are principally oil wells. The holes were located so rapidly that we 
had to stake out the entries on the ground in order to prevent the various 
companies from driUing down through the projected entries and cutting 
them out worse than shown here. 

T. G. Feab, Harmarville, Pa. — ^We have one property near Pittsburg, 
2100 acres of coal, through which 91 oil and gas wells pass at present and 
there may be more later. Having located all the headings in the mines 
for the next 50 years’ operation, we have been able to have the gas and oil 
companies come to us for locations. The larger gas companies, the 
People’s Gas and the Philadelphia company are very good about getting 
these locations and sticking to them. One individual oil operator asked 
for a location and after it was given him he relocated the hole himself. 
We put the location on the map, and if our engineer had not gone back 
to recheck we would probably have cut into that well with disas- 
trous results. 


* A^ce-prericuBt, Equitable Gaa Co. 
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A bill was to have been presented to the Pennsylvania Legislature 
that would force the smaller companies to do right and when abandoning 
a well to leave it properly protected. 

We wanted to use an abandoned well, which was close to a creek, to 
cany water into the mine for sprinkling purposes. The well was located 
in the mine and cut into, and wefound absolutely no grout. A quantity of 
water came down the outside of the casing. There was one well on the 
property that was not located definitely due to lack of data in the oil and 
gas company’s office and the location was made approximately by infor- 
mation secured from the farmers. When the headings in the mine were 
driven near this well all precautions possible were taken but a considerable 
flow of water was encountered for four days from a crevice in the floor 
about 100 ft. from where the well was supposed to be. After the water 
drained off, there was a flow of gas for 24 hr. and that section of the mine 
had to be shut off from the other workings. The oil and gas wells consti- 
tute a very great danger and should be looked into more carefully in 
the future. 

Geobge H. Ashlet, Harrisburg, Pa. — I understand that the bill 
mentioned has been withdrawn and that the oil men are proposing a new 
bill. The oil men claim that if the first bill were passed by the Legisla- 
ture they would be out of business. They show that in Greene County, 
for instance, if they were to sink their weUs in accordance with the bill, 
they would have to start with a 34-in. hole; as there was not oil enough 
there to justify that, they would have to pull out of the areas containing 
the deeper coals, as in Greene and Washington counties. 

There are problems for both the oil and the coal men. The danger to 
the coal miners is so obvious as to need no discussion. The difficulties 
of the oil operators, however, are not so obvious. The grouting of these 
wells is not a simple, nor always a successful, operation. In a number of 
cases it has been found that the grouting was very insufficient. The 
People’s Company had trouble laying grout at a great depth. When it 
tried to run the grout down a pipe, the sand and cement separated and 
the test showed a nice body of sand with cement higher up. It was 
necessary to lower the grout in a bucket and tip this over. It is very 
difficult to do that around a casing in a 13-in. well with a 10-in. casing; a 
bucket cannot be passed between them. 

One of the su^stions of the gas men is that they buy a certain body 
of coal around each workable coal bed. But the amount of coal that 
would be lost in the closely drilled fields would be very large, so the 
problem is one to which we can give a good deal of thought. 

Geobqb S. Rice, Washington, D. C. — ^Attention has been called to the 
number of wells through one mine shown in Fig. 1. At the Monongah 
Mines, there was but one well involved. The gas, however, traveled a 
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long way in an under stratum and burst through the floor of the mine 
along a line of weakness. Thus distance between a well and the open face 
of the surrounding pillar does not tell the whole story. My opinion, 
founded on the discussion at the Pittsburgh conference of 1913, is that a 
live well must have a surrounding casing vented to the surface, and an 
abandoned well should be completely filled from top to bottom with clay. 

It is not wise, however, to have hasty legislation. Laws are difiScult to 
frame, but as a result of that conference we thought we had the matter in 
such condition that* committees for cooperation between the coal 
operators, geologists, and gas and oil men would follow up and determine 
the best way of handling the problem, Unfortunately, the matter was 
dropped, except for limited legislation in a few western states and some 
private agreements. At present, I do not believe that the coal operators, 
as a whole, know just what is the best thing to do or ask to have done 
by the oil and gas companies, to protect mines. 

As indicated in the paper, we have the problems of the size of pillars to 
be left around a well. If the pillars are too small, the casing may be 
ruptured higher up in the strata overlying the coal mines where pillars 
are extracted. I am not presenting any new suggestions as to how the 
problem should be solved, but there should be some agreement among the 
operators as to what is the right procedure from their point of view 
before they take up the matter with the oil and gas men. The question 
of loss of coal reserves is serious, where the wells are close together. Is it 
feasible to extract all the coal, leaving no pillars, if back filling is done 
and the well casings and tubes arranged with slip joints, as I suggested in 
1913, provided special safeguards and ventilation are used ? 

W. E. Fohl, Pittsburgh, Pa. — All mines penetrated by oil or gas wells 
are potentially gaseous mines and should be worked with closed lights, 
permissible explosives, permissible machinery, and all other precautions 
customary in such mines. For a number of years I have investigated all 
the mine accidents ip Pennsylvania and West Virginia attributed to the 
presence of well drilling in the coal seam and have found none that would 
not have been avoided had the elementary precautions used in gaseous 
mines been observed. The same showing is found in all the published 
accounts of such accidents that have come to my attention. 

The proper size of protecting pillars for wells might advantageously 
be made a subject of consideration by our Committee on Ground Move- 
ment and Subsidence. The pillar sizes named in the paper are unneces- 
sarily large and I offer for consideration the pillar sizes suggested in 1910 by 
the late James Blick and myself. These range from 40 ft. square, with 
20 ft. of cover, to 100 ft. square with 150 ft. of cover; thereafter they are 
increased 10 ft. on a side for each additional 50 ft. of cover so that for a 
cover thickness of 700 ft. there is assigned a protecting pillar 175 ft. 
square. Regulations for plugging and protecting wells should be more 
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specific and should be a part of our state mining laws with our present 
state inspection forces chsiged with their enforcement. 

R. V. Nobbis, Wilkes-Barre, Pa. — ^The proper size of a pillar must 
depend on more than merely depth. Thickness and strength of bed are 
material factors. I have always failed to see why a pillar need be square. 

W. E. Fohl. — I omitted to say that the pillar sizes suggested were 
calculated for a seam 7 ft. thick and were not intended for all seams 
regardless of thickness. 

A. W. Hesse. — We are working in the Pittsburgh seam, which has 
butts and face cleavages. If you leave all coal within a radius of 100 ft. 
around a well, a great many difficulties will arise within that area. It is 
much easier for the miners to cut at right angles than to leave circular 
pillars. 

S. A. TAYiiOB, Pittsbui^h, Pa. — Some states, notably Ohio, require 
that the exact location of every well be filed with the Tnining department. 
Sometimes the location is not very accurately made, but that is not nearly 
so difficult to do in Ohio as it is in Pennsylvania, as the section lines are 
all north and south and east and west and the locations are comparatively 
accurate. 

F. B. Tough, Washington, D. C. — Just as soon as we study this ques- 
tion on a large scale, we find that it is absolutely impossible to lay out a 
set of conditions applicable in all cases. We cannot solve this question 
by putting a few generalities in the law and then attempting to have the 
states enforce them and maintain officers to live up to those regulations. 
The only way to solve this problem is to develop some method whereby 
the wells are so drilled and the mines so operated that you can take out 
all the coal. Leaving a pillar does not guarantee that the gas will not 
penetrate a considerable distance through crevices in the coal and cause 
loss of life and disaster. 

A few years ago, it was suggested that all the coal around the well be 
taken out and a timber crib put in and filled with clay and then let the 
top come in. Does not that seem feasible? Just as soon as you get into 
deep mining, you cannot leave enough coal to support the roof without 
making the mine impossible. 

It is necessary to look at this from two or three points that are quite 
different. A well, if it is unsuccessful, will be plugged and that territory 
abandoned; that problem is relatively easy. But suppose the well is 
profitable and is operated for 20 years? Then the operator must put a 
derrick over the hole and go to considerable expense to plug the hole. 

When a well is drilled through a mine that is operating, the conditions 
are quite different from that case where coal may not be taken out during 
the present generation. Again, if the well passes through abandoned 
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workings, there is an entirely different drilling proposition. The old 
workings may permit the gas to toavel to the workings actually in use and 
yet it may be impossible to send a gang of men to the point where the 
well strikes the mine. Therefore, the oil operator is faced with a difficult 
problem. 

The abandonment of wells that have been operated for a considerable 
time comes in the same set of problems, whether they are in the 
abandoned workings of coal or in the present workings. If the oil man 
is merely asked to report the accurate location of his well, he will get off 
very easy. Survesdng is reasonably inexpensive, so I do not think he 
would object to that at all. Unless the coal and oil and gas men get 
together and work together, you cannot hope to apply a fixed, inflexible 
rule in any branch of the mining game. 

Geobgb H. Ashlet. — The deepest coal beds in Greene County will 
run around 2000 and 2300 ft. The difficulty is not with the big com- 
panies. There is perfect willingness on both sides, with big companies 
to get together and work the thing out. The difficulty is with the small 
mutual companies, groups of farmers, and any one else who takes a notion 
to put down a well. They are irresponsible and have no permanent 
organization that may be sued after the drilling is over, and that is when 
the trouble arises. There will be no objection from the big company oil 
men to filing of locations of weUs with the county clerk and turning over 
the locations to coal companies; the trouble will be with the small operator 
who simply sinks one well and if it does not get oil, the company divides 
the cash on hand and disbands. 

C. W. Gibbs, Pittsbui^h, Pa. — The bill that was presented to the 
Pennsylvania Legislature was certainly drastic, as the coal operators 
realized. One provision required that wherever a well was to be drilled 
through a seam of coal which was being operated within 10 miles of the 
location, the well must be 30 in. in diameter. That bill was withdrawn 
temporarily so that the petroleum and coal men could get together. 
Pending a solution of the question, the larger gas and petroleum companies 
agreed to permit any coal operators to have access to their plans, on 
which they keep a record of l^eir wells and all others drilling in adjacent 
territory. They locate and keep close check on all wells in so far 
as possible. 

Geoboe S. Rice. — It seems, from the trend of the discussion, we agree 
that it is undesirable to have hard and fast legislation regarding just how 
to handle the technical features of protecting from wells, but there should 
be some standardization of method. The coal operators shordd try to 
decide what tiie mining conditions mid requirements should be, pa 3 ring 
due attention to Hie question of saving all the coal that it is possible to 
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s&ve, and then confer ^th the ofl and gas men to see if a common standard 
cannot be obtained. 

S. A. Tatlob. — The plan of locating these wells and recording them 
with the state department is not to eliminate the burden on either side, 
but that those interested may know exactly where the wells are located. 
We have all noticed that in drawing pillars the break comes up at an 
an^e oflf the face. Adjoining the mine that Mr. Fear is operating, we 
have the greatest break I have seen. With a vein of coal 7 ft. thick, 
with a covering of 600 ft., a little over 100 ft. from where the face of the 
pillar is left, the surface is broken to a width of 7 or 8 ft. Suppose that a 
well drilled through that pillar; no matter what you may have done the 
well would be broken. There is a question as to whether the leaving of 
pillars is the proper method after all. I doubt whether we have arrived 
at the proper solution of the problem and whether what everybody has 
been doing up to the present time is the right way to protect the wells and 
thereby the miners. 

Messrs. Fohl and Blick figured stresses on the different heights, which 
was scientific, but they did not take into consideration the possibility 
that the break might occur in such a way that the well might still be 
broken, and what the result would be if this did occur. That possibility 
is of great importance to the coal-mining industry and especially will it be 
in Washington and Greene Counties of Pennsylvania, and there are 
going to be very serious problems in this matter in these and other fields 
in mining the coal. 

S. W. Meals,* Pittsburgh, Pa. (written discussion). — ^Fig. 1 shows 
wells surrounded by pillars of coal; to my knowledge the only condition 
of this kind to be found is near Shiimston, Harrison County, W. Va., 
where a prolific pool of oil was found and, as the ofl and gas leases were 
held by various companies, an unusual amount of drilling was done. In 
the operation of all these ofl wells, some of which produced as much as 
6000 bbl. per day, and all had more or less gas, no damage was done to 
coal operations from the producing of oil from these wells. As the 
author states, several explosions occurred near Enterprise and Reynolds- 
ville, Harrison County, W. Va., which were said to have been caused by 
natural gas escaping into the mines. This may be true. At thi& tinift 
the rock pressure of the gas in that section averaged about 900 lb. How- 
ever, this condition has entirely changed. The rock pressure will not 
average over 200 lb., and in many of the fields it is necessary to pump the 
gas to atmosphere to secure sufficient gas to justify operations. 

The condition is the same in Washington and Greene Counties, Pa., 
so that the day of greatest danger has passed. In sections of Greene 
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County, Pa., and Wetxel County, W. Va., a large number of wells have 
been and are still being drilled to the Pittsburgh coal for the gas that is 
found in that measure. Wells in these sections have produced as much 
as 1,000,000 cu. ft. in 24 hr. with a rock pressure varying from 80 to 120 
lb. Paying gas has also been found in formations above the Pittsburgh 
coal. About three years ago, a core test was being drilled north of 
Waynesbuig, Pa. llie diamond drill penetrated a lime formation above 
the Pittsburgh coal and a flow of gas was found sufficient to raise the water 
out of the well to a height of 20 or 30 ft. above the surface; the pressure 
of gas continued to discharge the water for several weeks before the water 
finally drowned out the gas. I know of a number of locations where wells 
have been drilled and gas discovered in a formation above the Pittsburgh 
coal, some wells having produced as much as 500,000 cu. ft. of gas. 

In some respects I believe the gas operations have been a blessing to 
the coal operator. If this gas was left in the coal seams and not removed 
by the gas operators, mining conditions would be in greater danger than 
they have ever been by reason of the drilling operations through coal 
fiel^. Most of the diastrous explosions in the coal fields happened in 
severe cold weather when the ground is frozen so the gas from the coal 
aflftma cannot find its way to the surface through the strata or crevice of 
rock and, thus following the course of least resistance, penetrates the 
mine workings. 

We know that gas is gaping from the Pittsburgh coal in a number of 
places. I have witnessed it and people living in the section testify of 
this same condition existing as far back as any one can remember, years 
before the gas or oil operator was known in the locality. This condition 
is found in the heart of the Fairmont coal field near the No. 6 and 8 mine, 
where a disastrous explosion occurred some years ago. Coal operators 
should never permit fans to be stopped for any cause, even over week ends, 
during severe cold weather. A great many disasters could have been 
prevented if fans had not been shut down or had been run a sufficient 
time to clear all of the mine workings of gas, before the men were 
permitted to enter, especially in the severe cold weather. 

Cementing casing throu^ coal only needs the proper means and care 
to be done successfully. However, the coal operation would be as well 
protected if the oil or gas operator would leave two or three strings of 
casing in the well during its life, provided the space between the two 
outer strings of casing was protected and left open and free to permit gas 
to escape at all times. 

When a well is to be abandoned and the inner strings of pipe removed, 
a better protection to the well and the coal can be made if a string of not 
less than 2-in. pipe with a guide on the bottom is run to a proper depth 
below the coal; cementing through the 2-in. tubing from this depth 
up to the bottom of the outer casing, removing the casing, a joint at a 
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time, aod continuing to cement up through and to at least 40 ft. above 
the coal. Then fill the space around the 2-in. tubingsolid to the top of the 
hole, protecting the pipe at the top with the proper appliance. 

T^e size of the block of coal to be left around the well for its protection 
depends entirely on the lay and thickness of the strata above the coal. 
Who should settle for the block of coal left in to protect a well depends on 
the reservation in the conveyance or the priority of title. The best 
protection should be given to the men working the mine and I am sure 
the coal operators do not wish to place any unnecessaiy burden on the 
gas or oil operator. The larger oil and gas operators are ready and will- 
ing to work with the coal companies in doing the necessary thing to 
protect the coal operator. However, some unreasonable bills have been 
presented to the Legislature which, if enacted, would drive the small gas 
operator out of business. If the coal operators will present their problems 
to the gas associations in the various states, I am sure this question can 
be worked out satisfactorily to both parties. 



1226 


SCHEDULS BATmO COAL MINES IN PENNSYLVANIA 


Schedule Rating Coal Mines in Pennsylvania for 
Compensation Insurance Rates 

By Rush N. Hosler,* Harrisburg, Pa. 

(New York Meeting, February, 1925) 

This paper was prepared for the purpose of answering some of the 
many questions as to why, in the construction of Pennsylvania's Coal 
Mine Schedule Rating Plan, various factors were, or were not, taken 
into consideration. Much has been written about merit and schedule 
rating of industrial risks from an actuarial viewpoint, therefore this 
phase of the question is taken up only so far as may be necessary in 
presenting the practical application of the plan now in use. 

Companies writing fire insurance, about 30 years ago, were the first 
branch of insurance to use schedule rating; the values assigned their 
items were largely a matter of judgment. In 1913, the Industrial 
Commission of Wisconsin evolved the first schedule rating plan to be 
applied to industrial risks under compensation insurance. Pennsyl- 
vania, in 1916, with the inception of its Compensation Act, was the first 
state to apply the principles of schedule rating to coal mines. 

A definition of the term ‘‘schedule rating" submitted by the writer 
in a brief to the Safety Committee of the United States Coal Commis- 
sion is as follows; 

Schedule rating, as applied to compensation insurance, is an instrument to measure 
the hazard of known causes of accidents to which employees are exposed in industry 
and thereby determine an insurance rate commensurate with said hazard. It was 
first applied to Coal Mining in 1916 in Pennsylvania.^ 

In other words, for a mine operator to insure his employees for injury under the 
Workmen’s Compensation Act, it is necessary that he pay a certain premium based 
on his payroll. If all mines were assessed the same premium, it would be unfair for 
the mine with low natural hazard, good safety conditions, and good accident experi- 
ence to pay the same premium as a mine with bad conditions and experience, therefore 
schedule rating was introduced.* 


* Superintendent, Coal Mine Section, Pennsylvania Compensation Rating 
and Iniq>ection Bureau. 

* Hugh M. Wolflin : Effects of Compensation Laws and Differential Compensation 
Insurance Rates on Mine Safety Conditions. U. S. Coal Com. Rept. 

* See Report of Sub-committee on Education of Industrial Relations Committee, 
presented at New York Meeting, February, 1924, and published in Mining and 
MbtallurgIt, December, 1924. 
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To the late E. H, Downey, compensation actuary of the Insurance 
Department of Pennsylvania, more than to any other person belongs 
the credit for the great degree of refinement the Pennsylvania schedule 
has attained. In writing of rate regulations, Doctor Downey says: 

The processes of rate making and of risk classification and rating require dose 
codperation between insurers and the administrative authority charged with the 
supervision of insurance. The most effective agency yet devised for this purpose is 
the compulsory rating bureau operated by insurance carriers under public supervision. 
The function of such a bureau should be to establish ride classes, premium rates and 
rating plans, to compile statistical experience for these purposes, apply schedule 
and experience rating and determine the class or classes applicable to each insured 
establishment. To enforce compliance with bureau ratings, copies of the actual 
policies should be filed with the bureau and pa3rroll audits should be reported by 
individual risks. The work of inspecting, rating and classif3dng risks, scrutinising 
policies, compiling statistics, and investigating industrial processes for the purpose of 
erecting risk classes and devising rating plans will necessarily devolve upon the paid 
staff of the bureau; only the formal establishment of risk classes and class rates should 
be vested in representative committees of the carriers. All acts of the bureau will, of 
course, be subject to approval or disapproval by the administrative department of the 
state which has jurisdiction thereover. That this power may be intelligently exer- 
cised, the administrative authority should be represented at all deliberations of bureau 
committees and should be intimately acquainted with the bureau’s operations and with 
the statistics from which rates are derived. By this means, friction between the car- 
riers and the supervisory authority will be minimised and the public interest will be 
protected to the degree that the supervisory authority itself is alert and informed 
therein.* 

The procedure outlined by Doctor Downey is practically the same 
as is provided in Section 654 of the Insurance Laws of Pennsylvania, 
1921, under which the Coal Mine Section of the Pennsylvania Compensa- 
tion Rating and Inspection Bureau operates. This Bureau is charged 
with the administration of the rating problems in connection with comr 
pensation insurance rates on coal mines in Pennsylvania. It is not a 
branch of the State Government, but is organized and maintained by 
all of the insurance companies authorized under the law to write 
compensation insurance on coal mines, and is subject to the approval of 
the Insurance Commissioner. 

The most important division of the Bureau is the Inspection 
Committee. This is composed of well-trained mining men, representing 
members of the Bureau, and is presided over by the Compensation 
Actuary of the Pennsylvania Insurance Department. Under the guid- 
ance of this committee, the schedule has passed through successive 
stages of development and refinement during the past nine yesm. This 
was possible only through many meetings of all interested parties. All 
coal operators’ associations in t^e state were invited to have representa- 

* E. H. Downey, Workmen’s Compensation, Chapter on Compensation Insurance, 
The Macmillan Co., New York. 
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tives meet with the Committee and coal operators have always been 
invited to attend the meetings. At no time, when the facts as to acci* 
dent causes have been presented, has a coal operator hesitated to indorse 
an advanced step in the schedule taken in the interest of safety. The 
Inspection Committee has had the most hearty codperation from the 
national Bureau of Mines and the Pennsylvania Department of Mines 
and their representatives have frequently sat with the Committee and 
have helped to solve its most difficult problems. 

The educational value of the schedule is shown by its use in day and 
night mining schools and in the extension courses of colleges. It 
embodies the best extant mining practices and is more stringent in many 
particulars than the State mining law; for instance, its prohibition of oil 
lamps in any mine, of open lights in any part of a gaseous mine, fuse 
firing and motor-pushed trips; and its requirements for approved electric 
lamps as employees’ lights in gaseous mines, approved magnetically 
locked flame safety lamps for testing purposes, clearance at room 
necks, credit items for additional inspection of working places daily 
and for thorough and effective rock-dusting for prevention of coal-dust 
explosions. 

The requirements of the schedule are placed under specific items, 
which in turn are grouped under general subjects; thus the specific 
requir^ents pertaining to clearance underground are given in Item 43, 
which is only one item in the fourth group "Haulage Underground.” 
Hie correlating of the items and groups simplifies the schedule. Although 
the schedule contains nine general groups with over ninety separate 
items, it may be said that, as a whole, the items are in but two classes: 

First, those representing what may be called morale items — reflecting 
the morale of the operation — such as items relating to first-aid, mine- 
rescue facilities, and telephones. As a whole, this class includes all 
requirements of the schedule that cannot be tangibly measured from a 
statistical standpoint. No one will deny the value of first-aid or mine- 
rescue facilities, yet it is difficult to measure their value by a cause analysis 
of accidents. For this reason, the values assigned these items are judg- 
ment values, but the amounts are sufficient in each case to encourage 
compliance with them by a saving in the compensation insurance rate. 

The second class of items are those that can be, and have been, 
measured by comprehensive statistics which bring out the nature of 
the injury, the place and cause of the accident, and its cost. In this 
class are found two kinds of items: those governed by natural or geological 
conditions and those over which the operator has the control. For 
example, the hazard of shaft or slope, the giving off of explosive gas, the 
character of roof, and the presence of draw date are natural conditions; 
but the employer decides the kind of equipment used, its installation, 
the clearance provided, whether coal shall be undercut or blasted off the 
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solid, whether shots ehall be fired with fuse or electric batteries, whether 
an adequate system of timbering shall be used, and if explosive gas 
is found whether the mine shall be worked with open lights or with electric 
cap lamps. 

A brief description of the manner of compiling the information will 
help to a better understanding of the construction of and value assigned 
to the items. Insurance companies, members of the rating bureau, 

FALLS OF ROOF AND COAL 

*3,142,619 Comp. - 10,074 Acdderte 


MINEHAULAOE , .. . 

6I.932.SAI Cowft-l04S4AccidtnH 


EXPLOSIVES 

$597,805 Comp. -776 ActidcnH 

HAND TOOLS 

$413,985 Comp.-2, 654 Accidents 

MINING MACHINES 

$305,087 Comp.- 1,794 Accidents 
HAN0UN6 MATERIAIS 

$233,045 Comp.- 3.004 Accidents 

MISCELLANEOUS CAUSES 

$183,018 Comp.- 1,349 Accidjnts 
GAS AND FIRES 

r"""’" "i PirCsnf of AH Injuries $165,049 Comp- 113 Accidents 

wmmfkrCertfofTofatComp. Cos! BOILERS, ENOWES AND machinery 

$ 150,794 Comp.- 443 Accidents 

RAILROAD CARS AND ENGINES 

$102,964 Comp.- 301 Accidents 

FALLS OF PERSONS 

$100,675 Comp-7,012 Accidents 

SHAFTS AND GAGES 

$82,175 Comp- 115 Accidents 
ELECTRICITY 

$81,300 Comp.- 207 Accidents 
FALLING OBJECTS 

$ 56,200 Comp.-226 Accidents 

Fig. 1.— -REL.iTivB proportion op all oompbnsablb accidents and of total com- 
pensation BY CAUSE OF ACCIDENT IN BITUMINOUS MINING. 

under requirements of the Department of Insurance, file a report on each 
accident. The report identifies the accident and, with other informa- 
tion, specially sets out the two most important thingB— the cause and the 
cost of each. All reports are subject to check and verification from the 
records of the State Department of Mines and the Compensation Board 
of the Department of Labor and Industry. After they are audited and 
evaluated, in accordance with the Act, they are coded and analyzed by 
nature of injury and causei and then assigned to the particular group to 
which they belong. The results so obtained give th« causes and total 
cost of each class of accidents; viz., deaths, permanent totals, major 
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pennaDents, minor pennanenis, temporaries and non-oompensables. 
Hus is illustrated in Table 1 and Fig. 1. The aggregate cost of these 
different classes of accidents then becomes the basis on which the average 
rate for the ensuing year is predicated. To avoid too much fluctuation 
in rates from year to year, a 5-year period is used as a basis. For 
bituminous coal mining, the experience for the past five years produces 
an average insurance rate of $2.25 per $100 of pasrroll. 


Tables 1. — Severity Distribution of Injuries by Cause of Accident, 1918- 
22 Bituminous Coai Mining 


CauN of Aoddent 

Per Cent, of 
Comp. Cost 

Per Cent, of Specified 
Injuries Attributable to 
Eaeh Cause 

Per Cent, of Acci- 
dents from Each 
Cause Resulting in 
fi^>ecified Injury 


Death 

|i 

|i 

it 

1 

Q 


it 

it 

All Causes 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

3.7 

0.5 

2.5 

93.3 

Boilers, engineaf maohinery 

1.9 

1.4 

1.3 

0.6 

3.9 

... 

3.6 

0.3 

7.2 

88.9 

Mining machines 

3.7 

5.5 

2.4 

0.6 

4.3 

5.7 

1.6 

0.1 

1.9 

96.9 

Shafts and cages 

1.0 

0.3 

1.8 

0.6 

0.1 

0.3 

19.1 

0.9 

0.9 

79.1 

Railroad can and engines 

1.3 

0.9 

1.7 

1.7 

0.6 

0.9 

6.6 

1.0 

1.7 

90.7 

Mine cam^and moton 

23.7 

32.2 

21.8 

12.9 

19.6 

33.0 

2.5 

0.2 

1.5 

95.8 

Electricity 

1.0 

0.6 

1.9 


0.2 

0.6 

11.1 

.... 

1.0 

87.9 

Explosaves 

7.3 

2.4 

4.4 

24.5 

12.9 

1.9 

6.8 

5.4 

13.5 

74.3 

Qas, dust, and fires 

2.0 

0.4 

4.2 

.... 

0.3 

0.2 

44.2 

.... 

1.8 

54.0 

Falls of roof and coal 

45.9 

31.0 

55.7 

57.3 

28.9 

29.9 

6.7 

1.0 

2.3 

90.0 

Falling objects — ^not roof or coal 

0.7 

0.7 

0.9 

0.6 

0.2 

0.7 

4.9 

0,6 

0.9 

93.7 

Falls of persons 

1.2 

3.1 

0.7 

.... 

0.4 

3.3 

0.8 

.... 

0.3 

98.9 

Handling materials 

2.9 

9.2 

0.9 

0.6 

2.5 

9.8 

0.4 

. . . . j 

0.7 

98.9 

Hand tools 

5.1 

8.2 

0.6 

.... 

23.3 

8.1 

0.2 


7.2 

92.6 

All other causes 

2.3 

4.1 

1.7 

0.6 

2.8 

4.3 

1.6 

0.1 

1.7 

96.6 


Notb. — This table ooveza 32,522 aoeidente with compensation cost of 38,147,057. Medical cost, 
which is not induded, is $1,839,013. Of this amount $438,000 covers non-compensable accidents (len 
than 14 days disability prior to 1920, and less than 10 dasm nnce 102M)). These non-eompensable oases 
number approximatdy 50,000. 

With this information all accidents are easily assigned to one of the 
omjor groups. For example, a cause analysis of the different classes of 
accidents shows that mine haulage, as a group, is responsible for 32.2 
per omit, of all accidents. While this is more than any other cause, as to 
numbers, it is not true as to severity for mine haulage accidents account 
for only 23.7 per cent, of the insurance cost, while falls of roof and coal 
are responsible for 45.9 per cent. In the application cff the schedule, 
tile values assigned the items in the haulage group produce 23.6 per cent, 
of the total rate charges, which is equivalent to its accident cost. 

The cause analysb is also made in sufficient detul to permit the 
breaking up of tiie general groups, such as mine haulage, into smaller 
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divisioiig and thus give the individual items mth their values. For 
example, accidents caused by being squeezed between car and rib are 
chai^d to clearance; those from defective track are charged to track and 
roadbed; those from poor condition of cars are charged to cars; and those 
from motor-pushed trips are charged to this item. Penalizing of motor- 
pushed trips has often been adversely criticized. That the practice of 
pushing trips is to be condemned is amply justified by the fact that 
approximately 2 per cent, of the insurance cost is from motor-pushed trips 
and 2.2 per cent, of the total rate chatges is from the item prohibiting 
this practice. 

From time to time, many excellent suggestions and devices have been 
presented for the Committee’s recommendation and approval. While 
the Committee encourages and invites suggestions at all times, the 
embodying of many of them as a positive requirement in the schedule is 
difficult from the inability to measure their value by an accident cost 
that their adoption and use would have prevented. Also if their value 
could be measured and definitely assigned, the credit allowable might 
prove to be so small that to require their use would involve an expendi- 
ture of money out of all proportion to the decrease in risk, so as to make 
it unreasonable. Again, to embody many of*these suggestions in the 
schedule would tend toward a multiplicity of charges that might rightly 
be termed technical or trivial and, therefore, annoying to the operator 
when embodied in the make-up of his rate. To illustrate, the designer 
and patentee of a frog for a mine turnout or switch claims for its use 
additional safety. There is merit to his claim, but to require its use on 
the ground that it is safer than others and make a charge for its non-use 
cannot be justified and will involve a large expense for the new switches 
without an equivalent rate reduction being possible. It is clear, however, 
that many devices and practices are to be commended and have their 
place in actual use that cannot be evaluated in the schedule. The most 
succes^ul safety engineers and operators in accident-prevention work 
are not content to stand on the requirements of the schedule, but have 
gone far beyond, with the one thought of obtaining the things best 
adapted to suit the individual operation that conditions may not only 
be s^er but the safest possible. 

In the practical application of the schedule, the Bureau Inspectors, 
who are trained mining men with the TninimiiTn qualifications of a first- 
grade mine foreman, make a complete survey of every part of the 
operation, paying particular attention to all places where men work. 
This survey is embodied in a report covering every requirement of the 
schedule and brings out the conditions that are in compliance therewith 
as well as those that are not. These reports become permanent records 
and copies are furnished the insurance company, which transmits them 
to the operator with recommendations for correcting the substandard 
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conditioiis. From these reports, the rate charges on the individual mine 
are devdoped; to which tiie fixed minimum is added to produce tiie 
schedule rate. 

. This fixed minimum may be changed from year to year, depending 
on the aggregate experience of the state and the average charges devel- 
oped on all mines. It presupposes conditions as nearly perfect as it is 
possible to obtain and that which is recommended by the standards. 
The absence of these recommended practices is what determines the item 
charges. Thus again it is seen that the schedule rate is built upward 
from the minimiiTn by adding the item charges and not downward from 
a possiUe mftTiTniifn rate. To illustrate, if the survey finds all recom- 
mended practices under “Class IV — ^Haulage Underground” absent, 
it would add 67 cents to the minimum. If these recommended practices 
are made standard, the 67-cent charge would not apply and a correspond- 
ing saving could be effected. 

This paper would not be complete without a reference to the objects 
of schedule rating. The first object, as intimated in the definition, is 
that it must fairly reflect the difference of hazards that may exist between 
risks of the same classification; that is, mines having different hazards 
develop rates commensurate with the hazards peculiar to each. That 
this object is accomplished is evident by the fluctuations in the rates of 
individual mines. For example, mines in the same locality, working in 
the same seam of coal, with natural conditions and other contributing 
causes alike, have a difference of more than $1.00 in their insurance rate. 
Some bituminous coal mines’ schedule rate is as low as $1.35 while others 
are as high as $3.50 although the average for all in the state is only $2.25 
per $100 of pajrroll. 

The second object of schedule rating is to stimulate accident preven- 
tion. To accomplish these results, the schedule must be established from 
an accurate, detailed, and comprehensive statistical basis; that this has 
been done has already been shown. That the application of the schedule 
stimulates accident prevention is evident by the fact that the mines 
having the lowest accident record are those having the lowest rates. 
A group of bituminous mines, located in a district where the natural 
conditions are most favorable, and operated by the same company, prior 
to 1921, were producing approximately 450,000 tons of coal for each 
fatal and permanent total accident. From a tonnage standpoint, this 
is an enviable record as the average for the state during this same time 
(1916-20) was only 355,000 tons per fatal accident. During this time, 
this particular group of mines had on the average schedule chaiges in 
excess of $1.20. In 1920, an effort was made to comply with the schedule 
and everything within the control of the operator was made standard 
and kept So at all times; the schedule charges, as a result, were reduced 
to leas than $0.10. The acmdent record during the past four years 
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has been one fatal accident and few temporary ones thou^ over 5,000,000 
tons of coal was produced. Similar results have been obtained by other 
operators who have eliminated conditions known to have caused acci- 
dents in and about mines. The bituminous mines in Pennsylvania to 
which the schedule is applied (representing about 60 per cent, of the 
production) have steadily decreased their fatal accident frequency in a 
greater degree than those mines to which the schedule is not applied. 

The examination of the figures showing the reduction in insurance 
rates brought about by complying with the schedule requirements shows 
that accident-prevention work should be just as important a cog in the 
managerial machine of an operator as any other phase of their problem. 
It reflects itself on the cost sheet and is as much of an engineering accom- 
plishment as a saving brought about by the introduction of improved 
methods or equipment. 

Rate supervision, as in Pennsylvania, through the application of the 
schedule has been criticized because it restricts competition. Competi- 
tion may be restricted to salemanship and service, but that is the crux 
of the whole problem. The Bureau, the agency applying the schedule, 
is interested only in the facts existing at the time of the survey, as refiected 
by the schedule. The competition in service rendered, between the 
different insurance companies and kinds of insurance, is a greater stimu- 
lant to accident prevention than where the insurance is under a 
monopolistic plan. 

Much credit should be given the insurance companies for their interest 
and leadership in accident-prevention work. There is frequent criti- 
cism that their only interest in mine accidents was the return expressed 
in premium income. As mines with high accident cost have high insur- 
ance rates, insurance companies may make more money from such mines 
with their high rates than from mines with low accident cost and low 
rates. 

A criticism, aimed not so much at the schedule itself as at its plan of 
operation, is that its application is confined to those mines that have their 
liability, under the Compensation Act, insured with casualty insurance 
companies. It is not applicable to those mines whose owners have been 
granted permission to carry their own liability. Compensation is for 
the benefit of the employees and not the employer, and for this reason is 
required by law. As the State requires compensation to those injured 
in its industries, the interest of society at large demands that those who 
are unfortunate enough to become its beneficiaries shall be insured of 
their benefits; therefore, employers should not be left to their own devices 
in insurance. No employer should be permitted to assume his own 
liability under the Act unless he has qualified under the Insurance Laws 
of the State in the same manner as prescribed for insurance companies.^ 
* Insurance Laws of Pennsylvania, 1921. 

VOL. uau . — 78 
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If tills were done, tiie stdiedule would be apjdied to all mines. Safety 
engineers agree t^t tiie greatest an(ds factor in the interest of safety in 
our coal mines that could be brought about would be to extend the plan 
of schedule rating as applied in Pennsylvam’a to all coal mines. 

Perfection is not claimed for the schedule. That it accomplishes what 
is intended of it, there can be no doubt. Its greatest appeal is to those 
who are not comparing the cost of its compliance with the results that 
may be obtained, but to those who never think of comparing life and 
limb to dollars and cents, for accident prevention work may be measured 
in the same degree as the employer’s responsibility and regard for the 
life and limb of his employee. 

DISCUSSION 

£. A. HonsBOOK, State College, Pa. — Two years ago a number of us 
worked for the U. S. Coal Commission on the subject of coal-mine acci- 
dents and we spent several weeks investigating compensation insurance 
as applied to coal mines in the different states. After a careful compari- 
son between the methods of Pennsylvania and of some other states, 
especially those having monopolistic insurance, we came (as a body 
representing the employees, employers, and general interests) to the 
conclusion that the Pennsylvania plan as just outlined for you was the 
most effective method we had seen or which had been in use, at least 
in this country. 

I call particular attention to its statistical basis. In the long run, 
the compilation and use of a statistical basis as a means of finding out what 
our accidents are and for building up preventive measures will have much 
greater benefit than the use of individual judgment alone. 

W. W. Adams, Washington, D. C. (written discussion). — Schedule 
rating of coal mines makes possible athreefold accomplishment : It insures 
an equitable distribution (ff insurance cost among causes of accidents, in 
proportion to the responsibility of each cause for the injury or death of 
employees; it reveals the relative importance of the various accident 
causes as objects to be attacked in accident-prevention work; it makes 
possible an annual or other periodic adjustment of cost or responsibility 
commensurate with actual developments in the increase or decrease of 
specific hazards. 

Every specific “cause” of accidents 'may be considered a contributor 
to tim general toll of lives lost or injuries sustaiaed. Therefore it is emi- 
nently fitting that each contributor to the loss from accidents be required 
to contiibute proportionately to the cost of accidents. Equity also 
requires that there shall be kept an “account” under the name of each 
“cause,” and that the account be debited with losses ris^tfully chargeable 
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thereto, so that the subsequent year’s contributum toward the total 
insurance premium may be lowered or increased according to whether 
the cause ^ows an improvement or retrogression, as compared with its 
previous year’s record. Moreover, if a specific cause or hasard has been 
partly or completely eliminated, the part eliminated should no longer be 
charged with any portion of the insmance cost, and the cost tiiereafter 
should be spread over the remaining causes according to their respective 
responsibility for losses thereafter sustained. 

This leads to the basic reason for schedule rating as between separate 
mines. Mines free from specific hazards should not be charged a pre- 
mium based on hazards that exist only in other mines. Mines should 
pay only for hazards actually existing therein, and should be &eed from 
the pajrment as quickly as the hazards are removed. This is made pos- 
sible by schedule rating. Under the system of schedule rating, no mine is 
required to pay for hazards existing in other mines and from which its 
own record is clear. 

Because mining operations will always be attended by accidents due 
to hazards inherent to the industiy, or due to causes that are difficult or 
impossible to definitely classify, the basic insurance premium should be 
the average cost of the accidents in all mines in ja state or other large area 
or group. This will insure the coveting of unknown or unmeasurable 
hazards. With this basic premium determined, and perhaps adjusted 
annually to fit changmg conditions, each applicant for insurance may be 
credited or debited with the absence or presence of specific hazards, and 
thereafter accordin^y pay a premium lower or hi^er than the average 
for the entire state or area or group. The greatest possible number of 
mines should be represented in the establishment of the basic rate, thus 
bringing into play the law of averages and insuring the development of a 
stable and equitable base. Too small a number of mines may make the 
base rate too high or too low, with resulting inequity in ciedits or charges 
to individual policy-holders. The most equitable distribution of losses 
in coal-mining operations is more and more nearly attained with every 
increase in numW of mines represented in the development of the b^ 
rate, and the permanence or continuance of the equitable distribution as 
regards any given policy holder, and as regards all policy holders col- 
lectively, will follow as a matter of course in the constant adjustment of 
the losses among known causes of accidents to meet the progress and 
advancement made in the constant attack against specific classes 
of hazards. 
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Application of Gaussian Curve to Mining Industry 

Bt Hugh Abchbald, E.M., Philipsbubg, Pa. 

(New York Meeting, February, 1925) 

It is possible to construct, a simple diagram of the earnings, or the 
production, of the men employed at a coal mine that will show not only 
if the conditions tend toward contentment among the men, but if the 
operating distribution of the work is correct. As earnings are the 
greatest cause of discontent, even exceeding all the other causes, if 
contentment exists in the matter of earnings, the likelihood of other 
discontents flaring up is greatly lessened. 

The basis of such a diagram would be the Gaussian curve of the 
normal variation in human ability. Such a curve has long been recog- 
nized. H. L. Moore,' in discussing the quantitative relation between 
wages and ability says: has been pointed out that industrial efficiency 

is dependent upon physical, mental, and moral qualities, and these 
qualities . . . there is good reason for regarding as being distributed 
according to the Gaussian law. 

Table 1 . — Men in Each Weight Group from 90 to 190 Lh, 


(Data for 223,690 drafted army recruits, 1917-18) 


Group 

Weights 

Number of 
Men 

Per Cent, of 
Total Number 
of Men 

Group 

Weights 

Number of 
Men 

Per Cent, of 
Total Number 
of Men 

90-94 

163 

0.07 

140-144 

25,130 

11.23 

95-99 

794 

0.36 

145-149 

21,275 

9.52 

100-104 

2,333 

1.04 

150-154 

17,704 

7.92 

105-109 

5,215 

2.33 

155-159 

13,124 

5.88 

110-114 

8,270 

3.70 

160-164 

9,702 

4.33 

115-119 

12,034 

5.38 

165-169 

7,105 

3.17 

120-124 

16,884 

7.55 

170-174 

4,802 

2.14 

125-129 

21,360 

9.55 

175-179 

3,090 

1.38 

130-134 

24,882 

11.13 

180-184 

2,109 

0.94 

135-139 

26,296 

11.77 

185-189 

1 1|418 

0.63 





223,690 

100.0 


» '‘The Law of Wages.” Chap. IV. N. Y., 1911. The Macnullan Co. 
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“Industrial al^ty— general capacity and energy — ^is distributed 
according to the normal or Gaussian law.” 

An example of this variation between human beings can be found 
in the weights of men drafted into the army during the war, shown in 
Table 1. The weights varied from a very few men who weired 90 lb. 
to a very few who weighed 200 lb. The number of men found in any 
class of Mb. variation progressively increases up to the nlaiw of those who 
weighed from 135 to 139 lb.; then the numbers found in any class pro- 
gressively decreases up to the maximum weight. 



Fig. 1. — Gaussian cubvb of normal yariation in human wbight, based, on the 
WEIGHT OP 223,690 DRAFTED MEN. 

Were these variations in weights plotted with the weight intervals 
placed equally along a base line and the number of men, or percentage of 
the total number, plotted as an ordinate, the curve resulting from con- 
necting the ends of the ordinates would be a Gaussian curve, Fig. 1. 

It needs to be noticed in this curve of weights that there are no men 
who weigh nothing; moreover the practical maximum is 200 lb. The 
group with the least weight (the 90 to 94 lb. inclusive) have a weight that 
is practically 46 per cent, of the maximum. The median line of the 
total number of men falls at a point about 69 per cent, of the mRYimiiTn 
weight. This median line occurs at practically the same point in any one 
class of men. Between classes such as intellectual workers and common 
laborers, the median line, of course, would not have the value. 

The point of the median line corresponds fairly closely with the 
median line in the mutual estimation of the ability of army officers that 
took place during the war, based on the army rating methods. It was 
then said that the average ability of officers was about 70 to 73 on a scale 
of a possible 100; it was a very exceptionally good man who received a 
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rating as as 90 and an raceptionally poor man who was rated 
at 50 or less. 

Various investigators have attempted to make a numerioal division 
of 100 men. Frcdessor Moore gives a distribution of a possible standard 
population of 100 men as to the numbers of men falling into each class 
from the highest to the lowest, the figures for each class being, 1, 1, 1, 
3.5, 4.5, 7, 9, 11, 12, 14, 13, 10, 6, 4, 2, 1 (total 100). From the variations 
in the we^ts of the drafted men, a similar distribution can be made, as 
follows, 1, 1, 2, 2, 3, 5, 6, 8, 10, 12, 12, 11, 9, 7, 5, 3, 2, 1 (total 100); see 
Table 2. 


Table 2. — Separation of 100 Men According to Variation in Normal 
Human Ability, According to Caleulationa Baaed on Weight of Men 
Drafted into U. S. Army 


Group 
Rating; Per- 
centage of 
MaaimuTn 

Number of 
Men in Group 
of 100 

: Adjusted Num« 
i ber of Men in 
Group 

Group 
Rating; Per^ 
oentage of 
Maximum 

Number of 
Men in Group 
100 

Adjusted Num- 
ber of Men in 
Group 

100.0 



72.5 

10.1 

10 

97,5 



70.0 

11.5 

12 

95.0 



67.5 

11.7 

12 

92.5 

0.7 

1 

65.0 

10.8 

11 

90.0 

1.0 

1 

62.5 

9.4 

9 

87.5 

1.6 

i 2 

60.0 

7.0 

7 

85.0 

2.3 

1 2 

57.5 

4.7 

5 

82.5 

3.4 

3 

55.0 

2.9 

3 

80.0 

4.7 

5 

52.5 

1.7 

2 

77.5 

6.4 

6 

50.0 

0.9 

1 

75.0 

8.3 1 

1 

i 

8 

i 

47.5 

0.4 



Application of Vabiations to Coal Minino 

These variations can be applied to any industry but are particularly 
applicable to coal mining; for the work of coal mining is fairly uniform in 
character and requires as much strength as anything. A great variety 
of the classes of men is not employed, so that one can expect to find only 
the normal variation as it exists between men in one class. As strength 
and wei^t in all probability vary together, the normal variation between 
tire men in a mine should correspond closely to the variations in wei^ts 
found in the draft. 

As examples of correspondence to the Gaussian curve, Figs. 2 3 

and Table 3 ard given. lig. 2 and the table are from an individual coal 
nune in Ohio; Fig. 3 and Table 4 are from the statistics of earnings gath- 
ered by the last Coal Commisnon in the anthracite and bituminous 
indiutiy. The figures for the Ohio mine are for the amount of coal 







Fio. 8 . — ^Numbbb ov mbn on payroll, shown by babninos classes fob contract 
I fINBBS IN ANTHRACITE AND ALL TONNAQE MEN IN BITUMINOUS MINES, IN 1921 . 


1240 APPUCATION OF GATTSSIAN CUBVB TO ICININO INDUSTBT 


produced by the individual miners smd not the earning^; as the miners 
are piece workers, the earnings would closely correspond to the produc- 
tion. The mine was operating under the equal-turn clause of a union 
agreement and the figures were taken from a check weigh sheet and 
cover twelve days of work in one two-weeks period. 

In tabulating the material, a classification was made with variations 
of 5000 lb. and the number of men counted whose output for the twelve 
ds3rs of work fell into each class. It was then a simple matter to calculate 
the percentage of the total who fell into each class. One nutn loaded 
184,500 lb. of coal in the twelve days; the next best man loaded 176,200 
lb. Then there came three who loaded a total of 516,100 lb., or an aver- 
age of 172,033 lb. The number who fell into any one class progressively 
increased, with one exception, up to 29 men who fell into the 140,000 to 
145,000-lb. class. From that high point, the numbers progressive^ 
decreased down to a couple who had worked the full twelve days and ata 
odd number who represent changes in the working force. There was a 
total of 176 men on the sheet for the two weeks period. For the sake of 
comparison with a theoretical, objective standard curve of a hundred 
men, the numbers in each class were reduced to percentages. 


Table 3. — Classification of Men at an Ohio Mine, According to Amount of 
Coal Loaded in 12 Days of Work 


Classdfieation by 
1000 Lb. 

! 

Number 
; of Men 

1 

Hundred- 
weights 
lioaoM in 
12 Days 

I Per Cent. 

1 of Total 

1 Number 

J of Men 

Classifica- 
tion by 
1000 Lb. 

1 

i Number 

1 of Men 

1 

i ! 

Hundred- 
weights 
Loaded in 
12 Days 

Per Cent, 
of Total 
Number 
of Men 

195 



1 

90 

1 i 

916 

0.57 

190 



i 

85 

2 

1,760 

1.14 

185 

1 

1,845 

; 0.57 

80 

1 ; 

844 

0,57 

180 



1 

i 

75 




175 

1 

1,762 

! 0.67 

70 

® 1 

2,177 

1.70 

170 

3 

6,161 

1.70 

65 , 

1 1 

683 

0.57 

165 

4 

6,665 

2.27 

60 1 

1 1 

649 

0.57 

160 

1 10 

16,264 

5.62 

55 1 




156 

1 20 

31,477 

11.36 

50 

i 1 

523 

0.57 

150 

! 16 

24,366 

9.09 

46 1 

i 1 

496 

0.57 

145 

25 

37,048 

14.20 

40 

1 1 

417 

0.57 

140 

29 

41,437 

16 . 4 $ 

35 

1 

392 

0.57 

135 

19 

26,194 

10.81 

30 




130 

8 

10,561 

4.55 

s 25 

1 

267 

0.57 

125 

8 

10,217 

4.55 

20 


1 


120 

4 

4,910 

2.27 

15 

1 

154 

0.67 

115 

4 

4,726 

2.27 

10 




110 




5 




105 

3 

3,224 

1.70 




— 

100 

4 

4,101 

2.27 


176 

241,242 

100.0 

95 

2 

1,955 

1.14 
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A diagram drawn on the basis of dasedfication and percentages, as in 
Fig. 2, will foUow approximately the Gaussian curve. When making a 
comparison with a standard curve, the high point of the curve was 
made to correspond with the standing of the man who had loaded the 
largest amoimt of coal. When it is noticed that this highest man only 
loaded 184,500 lb. in twelve days, or an average of 7.69 short tons a day, 
two questions promptly occur: (1) Whether, the total output remaining 
the same, a greater tonnage per man could not have been obtained with 
fewer men, thereby saving equipment in mine cars, rails, etc., and at the 
same time having less area to supervise; (2) with the improvement of 
some other factor, such as transportation, whether there could not have 
been obtained a laiger output for the same number of men. In both 
cases, the earnings of the group employed would have been increased and 
costs reduced; 7.69 short tons per day is not a large output for the best 
men usually foimd in the mines. The grouping, however, of the outputs 
and probable earnings of the men in this Ohio mine will tend toward 
contentment of the mass; for there is not a wide divergence between 
men and the grouping is natural. 

In G paper on the Earnings of Miners, by Miss Anne Bezanson,* is a 
chart. Fig. 3, which shows that the earnings of contract miners in anthra- 
cite have a partly Gaussian character. This chart, however, does not 
represent the full year earnings of men but the ntunber of men whose 
earnings, as long as they were carried on any payroll, fell into certain classes. 
The chart gives the curve for contract miners in anthracite mines and 
the tonnage men for both union and non-union bituminous coal mines. 

The chart shows: “that the bulk of contract miners, when one takes 
the number of men by earnings intervals, is in the intervals above $1000; 
whereas, in the bituminous industry the massing is in the lower earnings 
intervals, and the curve slopes off gradually, containing fewer men as 
the higher earning groups are reached. 

“The anthracite curve, on the contrary, decreases gradually in the 
number of men involved in each interval to $1000, and then begins to 
increase, reaching a high point at about $1800 to $1900. Even if the 
year 1920 is taken for the bituminous industry, instead of the inactive 
year of 1921, the curves show the same general outline, although the 
numbers in the higher earnings classes are then more significant. 

“For the year 1921, the average time worked by contract miners in 
anthracite was about 250 days. The average earnings for that year was 
between $1900 and $2000 — to be exact $1922.” 

This chart shows that in the anthracite fields, where there is relatively 
steady operating time for all mines, the normal variation between men 

* Assistant Director, Department of Industrial Research, Wharton School; 
published in Anneia Am. Acad. Polit. and Soc. Sci., of PhUadelphia (January, 
1924). 
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has a chance to be developed in the earnings. In the bituminous fields, 
there is no intimation of any Gaussian curve. One can account for this 
throu^ the fact that, as it covers a larger number of mines, there is more 
variation between the operating time of mines and so no chance for the 
normal variation to come into play. 

Discontent with earnings lies on the low side of any median line. In 
the case of the contract miners in the anthracite field, the discontent lies 
on the low side of $1922; when it has dropped to some low point, such as 
$1000 a year or $4 a day, the discontent is great enough to induce the 
men to move from mine to mine in search of better opportunities for 
earnings. Labor turnover is undoubtedly the cause for the number of 
contract miners, shown on the chart, as earning below $1000. 

It is this low earning point that is the danger point that shouldbe 
watched in operation. Those whose earnings are around this point may 
be workmen of little natural ability or they may be workmen of some 
ability workii^ under poor conditions. In the first case, the man may be 
too poor to be wanted on the job; in the second case, the conditions of 
work should be improved. The danger is that if any number of the men, 
on account of the organization or lack of proper organization of the work, 
are suffering from any such condition as unemplojunent within employ- 
ment, and consequentiy are not earning a satisfactory wage, their discon- 
tent will induce the whole body of men to try to obtain higher rates of 
pay. Rates of pay should, of course, not contain any element of reward 
for avoidable unemployment. When rates do contain such an element, 
the effect is spread over the whole body of rates and the cost of operation 
is seriously increased. 

The third point to notice concerning the enumeration of the contract 
miners in the anthracite mines, according to their earning classification, 
is that if the median line of $1922 is taken at the theoretical percentage of 
68, the best men should be earning $2826 a year. The chart shows that 
only about 1 per cent, of the men actually earn this amount and that on 
the high side of the median line there is a correspondence with the Gaus- 
sian curve. As many thousand men are considered in this chart, it is 
only natural that a few super-excellent men should be found earning more 
than this amoimt. 

On the low side of the median line, theoretically the number who earn 
less than 46 per cent, of the maximum should be negligible. The earnings 
for the men of the very poorest natural ability should be $1100; The 
chart records a lai^er number of men than diould be found in this class. 

In contrast to these two instances showing a correspondence between 
facts and a theoretical Gausdan curve, two analyses are given from a 
company mining bituminous coal that has had much labor trouble in the 
past and has made strenuous efforts to establish labor relations such 
that it may have contentment among the men employed. It had not, 
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however, studied the organisation of the underground work, an investi- 
gation of which disclosed much discontent though little outflaring. 



Fig. 4. — Comparison between amount op coal loaded by various percent- 
ages OP MINERS AT A PITCH MINE AND GaUSSIAN CURVE OP NORMAL VARIATION IN 
WEIGHT OP MEN. 

The general manager of the company claimed no more than that 
the undergroimd work was conducted the same as the average coal mine. 
The data were gathered from the company weigh sheets and the calcula- 



Fig. 5. — Comparison between amount op coal loaded by various percbniv 

AGES OP MINERS AT A MACHINE MINE AND GaUSBIAN CURVE OF NORMAL VARIATION 
IN WEIGHT OF MEN. 

tions made in the same manner as for the Ohio mine, with the addition 
that in these cases the earnings were compared to the outputs and are 
known to correspond. Tables 4 and 5 and Figs. 4 and 5 show that there 


1244 APPLICATION OP OAOSSIAN CUBVB TO HININQ INDUSTBT 


is not even ui intimation of siinilarity in the results obtained from the 
men to any theoretical Ghiussian curve. 


Table 4. — Claasificalion of Men at a Pick Mine According to Amount of 
Coal Loaded in 14 Days of Work 


Claasifioation 
by 1000 Lb. 

Number of 
Men 

Hundred- 
weight 
Loaded in 
14 Days 

Per Cent, 
of Total 
Number 
of Men 

Classifica- 
tion by 
1000 Lb. 

Number of 
Men 

i 

Hundred- 
weight 
Loaded in 
14 Days 

Per Cent, 
of Total 
Number 
of Men 

330 




150 

i ! 

« i 

7,824 

3.28 

320 

1 

3,218 

0.66 

140 

6 : 

8,592 

3.94 

310 




130 

7 

9,465 

4.60 

300 

1 

3,041 

0.66 

120 

10 

12,355 

6.57 

290 

2 

i 5,841 

1.31 

110 

6 

6,843 

3.94 

280 

1 



100 

4 

4,242 

2.62 

270 1 

1 1 

2,797 

0.66 

90 

4 

1 3,866 

2.62 

260 

1 

2,632 

0.66 

80 

2 I 

i 1,751 

1.31 

250 

2 

5,137 

1.31 

70 

13 

9,887 

8.56 

240 1 

2 

4,847 

1.31 

60 

3 

2,022 

1.97 

230 

i ^ 

9,507 

2.62 

50 

3 

1,616 

1.97 

220 

! 6 1 

! 13,517 

3.94 

40 

6 

2,615 

3.94 

210 

2 

4,387 

1.31 

30 

4 

1,721 

2.62 

200 

14 

28,536 

9.22 

20 

2 

514 

1.31 

190 

11 

21,497 

7.25 

10 

4 1 

679 

2.62 

180 

6 i 

11,136 

3.94 

0 

4 

296 

2.62 

170 

! 12 ! 

19,247 

7.90 




! 

160 

4 1 

6,559 

i 

2.62 


152 

216,187 

100.0 


It is possible, also, by using the Gaussian curve to construct an 
objective standard for the output that should be obtained from any 
number of men employed on coal. In the case of the machine mine 
given in Fig. 5, the best man loaded an average of 14.3 short tons per 
day. If 14 tons is taken as the standard for a good miner, who would 
average 92.5 per cent, of any maximum, the amounts that should be 
obtained from those of different ability can be set down, as the numbers 
who should be found in each group are known and the average loading 
capacity of each group is a proportion of the maximum. This has been 
done in Table 6. The total tonnage per day that should be obtained 
from 100 men of varying abOity with this maximum, is 1046 short tons. 
As only 95 men were employed in this machine mine, 95 per cent, of 
1046 tons, or 993 tons, can be taken as the stwdard that should have 
been obtained. Actually over these 14 days the mine averaged 678 short 
tons per day so that the performance was two-thirds of the objec- 
tive standard. 
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Tabls 5.-~ClauifieaU>n 0 / Men at a Machine Mine, According to Amount 
<ff Coal Loaded in 14 Daye of Work 


dawifiestion 
by 1000 Lb. 

Number 
of Men 

Hundred- 
weight 
Loaded in 
14 Days 

Per Cent, 
of Total 
Number 
of Men 

daeeifiea- 
tion by 
1000 Lb. 

Number 
of Bfien 

Hundred- 
weight 
Loaded in 
14 Days 

Per Cent, 
of Total 
Number 
of Men 

400 

1 

1 

4,002 

1 

1 1.05 

180 

3 

5,618 

3.16 

390 




170 

4 

1 7,098 

4.24 

380 

1 

3,877 

1.05 

160 

1 

i 1,698 

1.05 

370 




150 

4 

6,066 

4.22 

360 1 

1 

3,664 1 

1.05 

140 

3 1 

4,377 

3.16 

350 1 

2 

7,131 

! 2.10 

130 

3 

4,046 

3.16 

340 ! 

2 

6,954 i 

1 2.10 

126 

5 

6,386 

5.27 

330 


1 

i 

110 

5 

5,641 

5.27 

320 

1 

3,288 

1 . 06 . 

100 

; 1 

1,080 

1.05 

310 

3 

9,521 

3.18 

90 

1 1 

908 

1.05 

300 ! 

4 

12,209 

4.22 

80 

1 

3,353 

4.22 

290 1 

1 3 

8,843 

3.18 

70 

I 1 

716 

1.05 

280 

4 

11,350 

4.22 

60 




270 

4 1 

1 11,030 

I 4.22 

50 

1 

523 1 1.05 < 

260 

2 

' 5,298 

2.11 

40 

2 

889 

2.11 

250 

2 

5,078 

: 2.11 

30 




240 

2 

1 4,953 1 

1 2.11 

20 

1 

234 

! 1.05 

230 1 

i 7 

16,307 ! 

' 7.37 

10 1 

3 

1 367 

1 3.18 

220 

3 

8,831 

3.16 

0 1 

• 2 

62 

1 2.10 

210 

4 

1 8,587 

4.22 





200 

1 ^ 

: 8,044 ; 

4.22 


[95 

189,839 

100.0 

190 

1 

' 1,930 j 

1 

1.05 



1 



Table 6 . — Calculationfor an Objective Standard Output for 100 Men, When 
Best Man Can Average 14 Short Tons per Day 


Group 

Rating 

Number 
of Men 

Average 
Output 
Per Day 

Total 
Output 
for Group 

Group 

Rating 

Number 
of Men 

Average 
Output 
Per Day 

Total 
Output 
for Group 

92.5 

1 

14.0 

14.00 

67.5 

12 

10.206 

122.47 

90.0 

1 

13.6 

13.60 

65.0 

11 

9.828 

108.11 

87.5 

2 

13.23 

26.46 

62.5 

9 

9.450 

85.05 

85.0 

2 

12.85 

25.70 

60.0 

7 

9.072 

63.50 

82.5 

3 

12.47 

37.41 

57.5 

5 

8.694 

43.47 

80.0 

5 

12.096 

60.48 

55.0 

3 

8.316 

24.94 

77.5 

6 

11,718 

70.30 

52.5 

2 

7.938 

15.87 

75.0 

8 

11.341 

90.72 

50.0 

1 

7,560 

7.56 

72.5 

10 

10.962 

109.62 





70.0 

12 

10.584 

127.00 




1046.26 
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Application of Gaussian Cuiivx to Othbs Inoustbixs 

Th? Gaussian curve can be used, of course, in any industry. For 
instance the earnings of the employees in a shop manufacturii^ men’s 
clothing were found to have this character. It was not the result of a 
conscious effort on the part of the management of the shop to have the 
earnings so conform, but rather the result of good handling of the work 
in process. At the same time, the management of this shop was envied 
by those operating other shops in the same city for the reason that it 
could get its people do what it wanted, while the other shops were 
continually having labor troubles. The earnings in the other shops 
did not show any normal variation in ability. 

In conclusion, it needs to be admitted that the construction of such 
diagrams as sue here presented are not of great value if there is much 
intermittency in the operation of a mine. If a mine is only operating 
a few days in a month, there is likely to be a good deal of labor turnover 
in that men will shop aroimd seeking work. During a period of steady 
Vork, labor turnover may at first spoil the best vsdue of such diagrams; 
but the attempt to follow the facts shown by these diagrams is likely to 
decrease the turnover. The main value of drawing such diagrams is that 
they set an objective standard toward which to work smd a measure 
of accomplishment. 

DISCUSSION 

Donald A. Laibd. — The data do not give a fair picture of individual 
differences. Some of the miners worked twelve full days and their output 
for twelve full days was measured. Other miners worked only one-half day 
or two days, but in the distribution table they are given the same impor- 
tance as the miners who worked full time. In other words, to get at 
these differences in ability, the output per unit of time worked should be 
considered. Doubtless, had the author been able to get records of the 
time that these men had been engaged in the mines, practically all of 
the data would have come veiy close to a normal distribution curve. The 
output of a miner depends not only on his strength but on some mental 
factors, which perhaps the psycholo^sts tend to overemphasize. I can 
see where the spirit, or moride, or loyalty of the workman has a great deal 
to do with his output. The fact that a miner is married will make him 
turn out more product than the man who is single. In the case of insur- 
ance solicitors that holds true; the married solicitors are better. Twelve 
companies now give preference to the married men. It may be that when 
the single man gets married he will work harder; that is a matter of 
motivation. 

I can also see how certain factors of this normal distribution of mining 
ability might be influenced. One minw, whose work is 6 ft. from the car, 
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takes two or three steps with eveiy shovelful; another miner takes two or 
three minutes to adjust his work so that he can do it without taking those 
steps. As the normal distribution affects the miners as every one else, 
there is prestunably a normal distribution in the intelligence of the miners. 
There are individual differences and the men who go from mine to mine 
claiming unfair treatment in the hands of the previous ^ployers, poor 
mining conditions and so forth, very often advertise the fact that the man 
is at the wrong end of the distribution curve of miners. Miners should be 
so selected and motivated in their work that not a normal distribution, 
but a skewed curve, is obtained. Some time ago, the twelve insurance 
companies that I mentioned found that the output of their solicitors was 
a skewed curve, but curving toward the wrong end; that has been changed 
and they are now getting from one hundred solicitors more than five 
hundred had been able to do before. 

In the case of a mine there is considerable overhead and wherever you 
find a normal distribution of output among miners it is brought about 
only by the honest and consistent and continued effort of operators, and 
it can be brought about and it can be and certainly is an object worth 
seeking. 

T. T. Read, Washington, D. C. — ^My principal objection is to the title. 
The curves referred to are ordinary frequency curves, as familiar to statis- 
ticians as trowels are to masons, and it seems to me as objectionable to 
refer to them as Gaussian curves as it would be to refer to trowels as 
spatulate mortarial instruments. 

Fig. 2 is so drawn that it might be inferred that there is a direct 
relation between the weight of men and the amount of coal they load, and 
that men weighing about 135 lb. load the most coal in a shift. This is not 
true, nor does the text claim it to be true, but Fig. 2 might easily cause the 
erroneous inference to be drawn. 

As Fig. 3 is drawn on a different basis, it loses most of its value as a 
comparison. If the data were plotted on the same basis as Fig. 2, the 
resulting ciurves would probably resemble the curve of coal loaded in 
Fig. 2, whereas they now look quite different. 

The curves in Figs. 4 and 5 indicate that something affects the output 
of coal loaded by groups of miners, at the mines dted, other than the 
natural and to-be-expected varying working capacity of the men. With- 
out more information than is given as to the cause, or causes, of this 
variability, it does not seem advisable to attempt discussion of the curves, 
other thim to concur with the last sentence of the paper, which states that 
the construction of such diagrams is useful as revealing whether results 
correspond to normal frequency, to the end, if they do not, that a further 
search can be made to ascertain the cause, or causes, of the unexpected 
variability. 
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PBOPEBTIBS OF lilQUID-OXTOBN EXPLOSIVBS 


Properties of Liquid-oxygen Explosives* 

By G. St. J. PBRROTT,t Pittsbtjbgh, Pa. 

(New York Meeting, February, 1925) 

Dubino the past year, the Bureau of Mines has carried on an investi- 
gation of liquid-oxygen explosives (L.O.X.) to Supplement the work 
described in previous publications.* The present paper gives results of 
the first part of this work, which was a laboratory investigation of the 
properties of lypical combustibles used in L.O.X., and the relation of 
these properties to the absorption and retention of oxygen by the explo- 
sives and their explosive characteristics. No attempt will be made to 
describe the devdopment of liquid-oxygen explosives, because this 
phase of the subject has been well covered.* 

The L.O.X. cartridge consists of a paper wrapper filled with an 
absorbent combustible material that is saturated with liquid oxygen by 
soaking it therein. After saturation, the cartridge is ronoved from the 
liquid and fired with fuse and cap, or dectric detonator, in a manner 
similar to other explosives. Certain types of cartridge may be detonated 
with fuse alone, requiring no cap to initiate the detonation. By suitable 
variation of the nature and density of the combustible, cartridges having 
a wide variety of explosive chiu-acteristics may be made. 

* Published by permission of the Director, Bureau of Mines,. 

t Physical Chemist, Pittsburgh Experiment Station, Bureau of Mines. 

* George S. Rice: Devdopment of liquid-oxygen Explosives during the War. 
Bur. of Mines Tech. Paper S48 (1920). 

S. P. Howdl, J. W. Paul, and J. L. Sherrick: Progress of Investigations on liquid- 
oxygen Eq>k>aves. Bur. of Mines Tech. Paper 2M (1023). 

' Bichaid Pabst: Mfkssiger SauerstoS und Seine Yerwendung als Sprengstofi 
im Bergbau, Mftnchen and Berlin (1917). 

H. Diedericbs : Die Erseugung imd Yerwendung FlQssiger Luf t su Sprengswecken, 
SUM md Bieen (1916) S6, 1146-1161, 1177-1181. 

Miehad H. Euryla and Galen H. Clevenger: liquid-oxygen Explosives at 
Pachuoa. Trane. (1023) 69, 271. 

Leopold lisse: “Das Sprengluftverfahren.” Julius Springer, Berlin, 1024. 
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Available Coububtibles 

It is difficult to name any oxidizable material that has not at some 
time been used in L.O.X. Lampblack is the combustible most widely 
used and which, in the present stage of development, seems best suited 
for most blasting operations. Other materials that have been empl(^ed 
are wood pulp, cork dust, charcoal, coal dust, peat, oil absorbed in 
kieselguhr, naphthalene, anthracene, carbene, groimd straw, and 
powdered metals. 


Life of L.O.X. Cartbidge 

The most important requirement of an L.O.X. cartridge is that it 
shall detonate with good strength at a considerable time after it has been 



Fla. 1. — RliliATION BETWEEN EXPLOSIVE STRENOTH, OXYGEN CONTENT, AND TIME OF 

evaporation; lampblack cartridge, by 8 in., density, 0.23 gm. per c. c. 

dipped. In many blasting operations, it is also essential that very little 
asphyxial carbon monoxide be produced. Evaporation of oxygen begins 
immediately the cartridge is removed from the dipping container, and 
continues until the cartridge is fired. 

In the literature of L.O.X., the life of the cartridge is U8ua% taken to 
mean the time, in minutes, that elapses between removal from the dipping 
container and the moment at which just sufficient oxygen remains for 
combustion to COi, HiO, and oxides of any other elonents present. The 
cartridge will explode, however, for a considerable time thereafter, but 
with the formation of increasing quantities of CO and Hi. Euiyk and 
Clevenger distinguish between available life (the time takm for evapora- 
tion to the COt point) and explosive life. 

TOL. uaa , — 79 
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In Fig. 1 is shown, diagrammatiioally, the rdation between ox^en 
content and exploave strength of a 8 hi. lampblack cartridge 

ccmtaining 0.23 gm. cS combustible per cubic centimeter of cartridge. For 
comparison, the diagram is modeled after one in the paper Kuryla 
and Clevmger, but the relative values of explosive strength as determined 
experimentally have been substituted for the curve given by those writers. 
Here, the available life before formation of CO begins is 10 min., and the 
explosive life 25 min. The explosive strength is at the maximum when the 
cartridge is removed from the dipping container, and decreases slowly 
and fairly r^ularly for 20 min., after which the strength falls off rapidly. 
Bqrond the 20-min. period, the explosive strength does not decrease in 
proportion to the loss of oxygen. If a higher packing density (for exam- 
ple, 0.38 gm. per c. c.) is used, the cartridge after the first minute contains 
insufScient oxygen for complete combustion to COs, yet it may be fired 
after 25 min. evaporation with a strength at least as great as the lighter 
cartridge and after 10 min. evaporation with 15 po' cent, greater strength. 
These data, for which considerable experimental evidence will be given 
later, indicate that where the presence of CO is not detrimental, greater 
explosive effect may be obtained by increasing the packing density so 
that, at the time of firing, considerable oxygen deficiency exists beyond 
that required for complete combustion to COt. 

The time taken for evaporation of a given L.O.X. cartridge to the 
point where just sufScient oxygen is present for complete combustion 
depends on: (1) amount of oxygen initially absorbed; (2) amount of 
o^QTgen required for complete combustion; (3) rate of evaporation of 
o^^gen from the cartridge. The first factor depends on the volume of 
cartridge occupied by combustible particles into which oxygen cannot 

W 

penetrate, and equals V X 1.13 gm., where V is the volume of the 

P 


cartridge, W its weight, and p the true density of the cartridge material. 
The second factor depends on the weight of the cartridge and its oxygen 
factor; that is, the amoimt of oxygen required for complete combustion 
of rmit weight of combustible. The third depends on: the character of 
the combustible absorbent material; the diameter of the cartridge; and 
the environment (temperature of surroundings and whether evaporation 
takes place in still or moving air, or the cartridge is confined in a bore- 


hole). Ejcpressed mathematical^. Life (in minutes) >= who-e f, 

is ratio of weight of o^gen to weight of cartridge when completely satu- 
rated, /( is oj^gen ratio necessuy for complete combustion, and e is the 
decrease in o^^gen ratio per minute due to evaporation, f, can be 

shown to equal ^ ^ - X 1.13, where d is apparent density of cartridge. 



O. ST. 3 . PBBBOTT 


1261 


and 1.13 is denaiy of liquid oxygen. For a cartridge of pure carbon, 
such as acetylene black, ft » 2.67; for wood pulp, 1.34; naphthaloie 
3.00, etc. The disadvantage of a cartridge mixture containing an inert 
non-combustible absorbent, such as kieselguhr, is immediately appar- 
ent because, for a given amount of combustible per unit volume, the 
space for absorption of oxygen is less than when no inert diluent 
is employed. 

FaCTOBS APFECfTING RaTE OF EVAPORATION 
Combustible Absorbent Material 

The most important property of the combustible material affecting 
the rate of evaporation is its particle size. If the paiiicles of a combusti- 
ble, such as lampblack, are of colloidal fineness, the surface ^posed per 
unit volume is so large that very little of the absorbed liquid is out of 
range of the surface forces. Hence, no liquid is lost by dripping out of 
the saturated cartridge and, as evaporation takes place, the liquid in 
the inner parts of the cartridge is not drawn, by capillarity, to the outer 
parts. With a combustible composed of larger particles, such as wood 
pulp, much of the liquid is very loosely held in droplets in the relatively 
large interstices between the particles. Part of the liquid drips from the 
cartridge immediately it is removed from the dipping container and, as 
evaporation takes place, a large proportion of the remaindor is drawn, 
by capillarity, to the outer part of the cartridge and evaporation takes 
place at a faster rate than in the case of lampblack. Wood-pulp 
cartridges feel colder to the touch than lampblack cartridges, and ff an 
absorbent paper wrapper is used, it will be wet with liquid oxygen for a 
considerable time after dipping, while the wrapper of the lampblack 
cartridges dries at once. 

Table 1 gives analyses of combustible materials used in L.O.X. Table 
2 gives evaporation data for a munber of combustible materials, packed 
in IJi by 8 in. cartridges and allowed to evaporate in still air. The 
paper used for the cartridge wrapper consisted of two thicknesses of a 
grade of hard fiber cotton rag paper, 0.007 in. thick. Each wrapper 
weighed 5 gm. and required 5.4 gm. oxygen for complete combustion. For 
convenience in comparison, the amount of oxygen necessary for complete 
combustion of the lampblack cartridges has been taken as 2.4 g. per gram, 
of cartridge. The amount actually varies from 2.2 to 2.6 g., depending 
on the composition of the lampblack. The factor for coal dust has been 
ta-lfen as 2.39, for wood pulp 1.34, and for fuel oil 3.4, correction being 
made for the oxygen requirements of the wrapper in determining the 
oxygen value of the cartridge. 

In Fig. 2 are set down evaporation curves for three typical blacks: 
lampblack B, a flufty material difficult to pack; lampblack E, a mate riAl 
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Table 1. — Analyses of Combustible Materials 


Material 


i 

a 

li 

d 

i 

d 

'S 


d 

III 

Required 
em for 

Bte Com- 
1 , Qramt 


6 

iS 


s 

6 

3 

6 

6 

<5 





•SI 

;Oa, 




& 

S5^ 


J 

III 

|§Jl 

Liampblack B 

1.6 

1.8 

96.6 

0.1 

0.8 

95.6 

0.1 

2.7 

0.7 

7,972 

2.59 

Lampblack C 

1.2 

2.9 

95.9 

0.0 

1.1 

95.9 

0.1 

2.2 

0.7 

8,061 

2.59 

Lampblack D 

2.2 

3.5 

94.3 

0.0 

1.1 

94.7 

0.1 

3.4 

0.7 


2.59 

Lampblack £ 

2.7 

13.6 

83.6 

0.1 

1.6 

89.1 

0.0 

9.2 

0.0 

7,467 

2.41 

Lampblack M 

■4. 4 

11.5 

84.1 

0.0 

1.7 

88.1 

0.2 

i 9.2 

0.8 

7,194 

2.40 

Gas black S 

1.8 

5.1| 

93.1 

0.0 

0.9 

94.2 

0.0 

' 4.9 

0.0 

7,715 

2.54 

Gas black A 

|2.6 

I 7.1 

90.3 

0.0 

0.9 

92.5i0.1 

6.5!0.0 

7,570 

2.48 

Gas black K 

15.3 

|10.4 

84.2 

0.1 

1.1 

88.010.1 

10.7i0.0 

7,106 

1 2.35 

Acetylene black 

0.0 

; 0.5 

99.3 

0.2 

0.2 

99.610.0 

o.olo.o 

7,978 

1 2.68 

Carbene 

lo.2 

28. 3i 

70.3 

1.2 

5.8 

92.5I0.1 

0.3 

0.1 

9,580 

2.93 

Peat 

7.561.1 

26.8 

4.6' 

!6.0 

51.7 

2.2 

34.710.8 

' 4,972 

1 1.52 

Wood pulp 

s.olso.s 

11.6 

Oil 

i6.6 

47.5 

0.0 

'45.7 

0.1 

1 4,406 

1.34 

Cartridge paper 

4.8 



6.5j6.2 

i 

39.8 

0.1 

47.2 

0.2 

1 

1.08 


Table 2. — Rate of Evaporation of Oxygen from Lampblacks and Other 

Absorbents 


i 

1 

1 

Material 

1 

i 

Weight 

Cart- 

ridge 

Grams 

Wei^t 

Car- 

tridge 

after 

Soaking 

Grams 

Time of 
Evapora- 
tion to 

1 Oxygen 
Ratio for 
Exact 
Com- 
bustion 


Evaporation Period, Minutes 

202 

1 

0 

2 1 

i 

4 

6 

1 

10 

12 14 

16 


Grams of O^gen in Cartridge 
after Evaporation 

Lampblack M 

29 

208 

15 

179 

157 

141 

125 

112 

100 

88 

76 

i 

66j 

56 


Lampldaok M 

37 

208 

10 

171 

150 

134 

117 

104 

89 

78 

65 

56 

46 


Lampblack £ 

28 

213 

12 

185 

158 

138 

110 

99 

83 

66 

54 

43 



Lampblack E 

34 

214 

9 

180 

150 

131 

111 

92 

74 

58 

46i 

36 



Lampblack D 

! 52 

214 

4 

162 

140 

123 

108 

93 

78 

66 

52 

40 

31 

231 

Lampblack B 

40 

211 

9 

171 

147 

131 

117 

105 

92 

82 

72 




Lampblack B 

50 

215 

5 

165 

144 

127 

115 

102 

89 

77 

68 

58 



Lmopblack C 

47 

205 

5 

158 

136 

120 

103 

88 

73 

58 

45 

34! 



Qae black K 

40 

213 

8 

173 

152 

132 

112 

94 

77 

64 





Oae black A 

54 

215 

3 

161 

140 

118 

lOOi 

82 

67 

56 

48 

41 



Qae black 8 

59 

213 

1 

154 

132 

111 

93 

79 

66 

58 

51 

43 

38 

342 

Acetylene black 

41 

211 

7 

170 

147 

127 

108 

91 

77 

64 

53 




Wood pulp 

52 

105 

7 

143 

118 

06 

76 

58 

42 






j^eeelsuhr 

60 

223 


163 

145 

125 

108 

02 

74 

57 

45 

34 



Kieeelguhr plua 40 % fuel oil. I 

83 

226 

3 

143 

110 

98 

80 

61 

43 

29 

20 




Kieseicnhr plus 50% coat 















duet 

82 

232 

5 

150 

129 

109 

90 

72 

53 

88 

!! 
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eaaily packed; and gas black S, which had been compressed at the factory 
and packed easily. It will be noticed that the rate of evaporation of 
oxygen from lampblack B is increasingly less than that of lampblack E. 
This decrease in evaporation rate is typical of those lampblacks that tend 
to contract in volume as the oxygen evaporates. The vacant space 
between wrapper and lampblack, filled with cold oxygen gas, acts as an 
insulating layer and causes a diminution in the evaporation rate. Lamp- 



Fio. 2. — Rate op evapobation op oxygen; bv 8 in. cabteiikies. 

blacks of this character are fluffy and difficult to pack and, when packed, 
contain large pockets of occluded air. When the cartridges are soaked 
in liquid oxygen, the air is partly driven out and partly liquefied; and as 
the liquid evaporates, surface forces cause the contraction in volume. 
If such a cartridge is redipped, the evaporation rate is faster than before; 
while with easUy packed lampblacks, such as E, oxygen evaporates at 
the same rate as after the first soaking. No relation is apparent between 
chemical analysis of the blacks and their behavior on packing, nor can 
any difference be observed under the microscope. In spite of the more 
favorable evaporation rate of lampblacks of type B, it is believed 
that lampblacks that pack easily to give a firm cartridge, such as E, 
are better suited for use in L.O.X. because they detonate at a uniform 
rate, whereas those of type B tend to give erratic rates of detonation. 
Gas blacks, such as S, are also in the desirable class. 
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PBOPIBBTIES or LIQXniM>XTOBN EXPLOSIVIBB ' 


Eieselguhr, Fig. 3, shows about the same efiScieiuT^ as lampblacks of 
type E. When mixed with oil, less ojqrgen is absorbed initialfy^ and the 
evaporation rate in percentage of the oxygen absorbed is higher. The 
same condition exists when coal dust is mixed with kieselguhr. Wood 
pulp absorbs less oxygen initially than a lampblack cartridge of similar 
density, because of the low true density of wood pulp, and the percentage 
evaporation rate is higher. 



Diameter of Cartridge 

The initial rate of evaporation of oxygen from a cartridge is roughly 
propcntional to the surface exposed; or, neglecting the surface of the 
ends is proportional to 2icrl, where I is the length of the cartridge. The 
weight of material in the cartridge is, however, equal to irr^ld, where d is 
the apparent density or weight of cartridge per imit volume. The time, 
in minutes, that elapses between conditions of saturation and any other 

oxygen-carbon ratio is ^ — ~ where W is wraght of diy cartridge; 


/. and ft r^resent weight ratios of oxygen to cartridge in saturated 
cartridge and at time t, respectively; E is average rate of evaporation 
during time i, expressed in grams per minute. For cartridges of different 
diameter but identical densiiy and length, f, — ft is identical, and the 

W r* 

time or life to the f^en conditions is proportional to or to - = r. 

XSr T 


With large cartridges where the surface of the ends becomes of influence, 

I* 

the ratio iiuiy used as proportional to life, where I is constant. 
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TIME OF EVAPORATION^. MINUTES 

Fio. 4 . — Effect of size of caetridge on bvapoeation bate; lahfblack B. 
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time of evaporation, MINUTES 

Pig. 6.— Effect of diameteb of cabtbidqe oh bate of evaporation of oxtgen; 

LAUPBI.ACK C. 
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Actually, however, while the initial rate of evaporation is roughs pro- 
portional to the diameter of the cartridge, the rate of evaporation over 
the life of the cartri<4(e increases less rapidly with increased size of 
cariaidge than would be indicated by the simple relationship: evaporation 
xr. This is due to the fact that, as cartridge diameter increases, the 
o^gen in the iimer portions is insulated by an increasing layer of com- 
bustible material and cold oxygen vapor, and conduction from the outside 
is increasingly impeded. In Table 3 and Figs. 4, 5, and 6, are given 
evaporation data obtained with three lampblacks packed in cartridges 
from 1 to 4 in. in diameter. The data show that the life, to conditions 
of complete combustion, of a 2-in. cartridge is about twice that of a 
l}^-in. cartridge; while a 4-in. cartridge has 2.5 to 3 times the life of a 



Fiq. 6. — ^Enrxcr of size on eyapobation bate; lampblack L. 

2-in. cartridge. The cartridges of a given lampblack varied slightly in 
density, but the results indicate what might be expected in practice, for 
large cartridges usually pack to somewhat lower density. 

Ermronmenl 

Evaporation in the bore hole is somewhat less rapid than in open air, 
as is shown in Fig. 7. These data were obtained in a bore hole, in. in 
diameter by 8 ft. long, in concrete and are averages obtained from five 
cartridges in the bore hole. The life to the exact combustion point is 
increased about 20 per cent, over that in still air, as a result of the insulat- 
ing effect of the cold oxygen gas surrounding the cartridges. Evf^mra- 
tion in moving air is more rapid than in still air. 
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Cartridge Paper 

Cartridge paper for L.O.X. should absorb oxygen readily, have good 
mechanical strength after soaking, and be a good heat insulator. A 
grade of hard fiber cotton rag paper 0.007 in. thick has been used in the 
present work, and was suggested to the writer by George B. Holderei of the 
Air Reduction Co. Non-absorbent papers, such as thin wrapping paper, 
have been used by several commercial organizations with success. Th^ 
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0 6 10 
TIME OF EVAPORATION. MINUTES 

Fio. 7. — Comparison betvteen rate of evaporation in bore hole and in air; 
1, bore hole; 2, still air; 3, wind. 


have the advantage of cheapness, but cartridges with such wrappers take 
considerably longer to saturate, as the liquid must soak in through the 
bottom of ^e cartridge. From the point of view of rate of evaporation, 
the absorbent papers are somewhat more efficient. Various types of 
inini1a.t.ing wrapper have been proposed, but have the common disadvan- 
tage of taking up considerable space and decreasing the strength per unit 
volume of cartridge. It is bdieved that an absorbent paper wrapper of 
the type used in the present work should prove most suitable for general 
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purposes. Table 4 shows rate of evaporation of oi^gen from cartridges 
of lampblack E packed in different wrappers. 


Table 4. — Evaporation of Lampblack Cartridges with Different Wrappers 


Wrapper 

Weight of O^gen in Cartridge, 
Urams 

Wei^t 

Cart- 

ridge, 

Qrame 

Wei^cht 

Wrap- 

0 

Min. 

3 

iMin. 

1 

6 

Min. 

9 

Min. 

12 

Min. 

15 

Min. 

Hard fiber cotton rag paper 0.007 in. 
thicki 1 thickness 

173 

139 

112 

86 

64 

45 

31 

3.0 

Hard fiber cotton rag paper 0.007 in. 
thick, 2 thicknesses 

171 

139 

113 

88 

65 

47 

34 

5.0 

Hard fiber cotton rag paper 0.007 in. 
thick, 3 thicknesses 

176 

143 

117 

92 

71 

53 

37 

7.0 

Newsprint paper, 2 thicknesses 

174 

138 

111 

88 

68 

50 

28 

3.0 

Wrapping paper, 0.006 in. thick, 2 
thicknesses 

171 

1 

j 

136 

105 

79 

58 

43 

37 

8.0 

Paper toweling, 2 thicknesses 

172 

140 

112 

85 

65 

45 

34 

5.0 

Dynamite wrapper, not paraffined . . . 

165 

133 

105 

79 

56 

40 

35 

7.5 

Dynamite wrapper, paraffined 

151 

109 

77 

52 

36 

24 

42 

12.0 


Explosive Pbopebties — ^Theobetical Considebations 

The effect pioduced by an explosive in a bore hole depends on the 
energy and gas volume developed br unit weight of explosive, the loading 
density, and the rate at which the explosive reaction takes place. By 
making use of certain physical constants, it is possible to calculate the 
theoretical explosion temperature developed by an explosive, the energy 
density, and the maximum pressure produced — ^neglecting radiation and 
conduction. The method of calculation as applied to ordinary explosives 
requires some modification when used for L.O.X. Calculations are set 
forth in another paper by the writer* where it is shown that the experi- 
mental results given in the present paper may be predicted from 
theoretical considerations. 

Explosive Testing Methods* 

The total energy of an explosive may be obtained by measuring in a 
calorimeter the heat evolved by the explosion. This represents the maxi- 
mum capacity of the explosive for accomplishing work. In practice, 
however, the heated gases are cooled by radiation and conduction to the 
rock, and the actual work done is always a fraction of that which could 
theoretically be accomplished. 

* Future publication. 

* Clarence Hall, W. O. Snelling, and S. P. Hall: Investigations of Explosives Used 
in Coal Mines. Bur. of Mines Bull. 16 (1912) 197. 
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Whffli Btutfying explosive properties, we distinguish between tiie 
propulsive or heaving effect and the disruptive or shattering effect. The 
magnitude of the propulsive effect depends on the total pressure produced 
by the explosive reaction, while the shattering effect depends on the speed 
at which the pressure is produced. No single piece of apparatus has been 
devised that will measure both the propulsive and disruptive effect. 
In the present work, the relative propulsive force of L.O.X. cartridges 
has been measured by the ballistic pendulum, and relative disruptive 
effect by measurement of the rate of detonation. Some determinations 
of the pressure produced have been made in the Bichel gage. 

Volume Basis Used in Comparing Strength of L.O.X. Cartridges 

In recording the results of strength tests of ordinary explosives, it is 
customary to use the weight basis as the standard of comparison. This is 
lo^cal because such explosives are of unchanging composition, and for 
every pound purchased a pound may be charged into the bore hole. But 
with L.O.X., only about half of the oxygen produced in the plant is 
present in the saturated cartridges, because of losses in transportation, 
etc., and the cartridges begin to lose further quantities of oxygen imme- 
diately on removal from the liquid. Furthermore, the magnitude of 
these losses is a variable, depending on efhciency of containers, manipula- 
tion, and character of the cartridges, which change with local conditions. 

It is misleading to use as the basis of comparison the weight of the 
L.O.X. cartridge at the moment of firing, because the loss in weight as 
oxygen evaporates is not necessarily accompanied by a proportionate loss 
in explosive strength. For example 1^ by 8.6 in. cartridges, packed 
with lampblack, weighing 40 gm., volume 172 c. c., were fired at 5, 10, 15, 
and 20 min. after removal from the oxygen, and the unit deflective charge 
calculated on the basis of the weight of cartridge plus oxygen at time of 
firing; also the volume of cartridge necessary to give the same deflection 
(3.30 in.) as 227 gm. of the standard 40-per-cent, dynamite, as follows: 


1 

Time of 
Eveporation, 
Mixiut« 

Weight of 
Cartridge 

Flue Ozygeiit 
Grame 

Defleetion of 
Peodulum, 
Inohee 

Unit Defleothre Charge 

Qrame 

C/ubie Centimetert 

5 

1 

171 

1 

1 3.38 

167 

168 

XO 

134 

i 2.92 

151 

194 

15 

98 

1 2.61 

124 

217 

20 

33 

2.40 

1 

45 

237 


On the weight batis, the explosive is stronger with increase in time, but 
the decreaong swing of the pendulum shows that the cartridges become 
weaker as oi^gen evaporates. Inasmuch as the weight of the cartridge 
at any time of firing bears no known rdation to the cost, there seems no 
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good reason for u^g the waght baas of comparison. On the volume 
basis, the unit deflective charge at 5 min. is 168 c. c. andst20min., 237 c. c. 
The density of the standard dynamite is 1.32, and the volume of 227 gm. 

172 

is 172 c. c., hence the L.O.X. cartridge has = 102 per cent, the 

172 

strength of 40-per-cent dynamite if fired at 5 min., and = 73 per 

cent, the strength of dynamite when fired at 20 min. The forcing basis 
of comparison has been used in the present work with L.O.X. cartridges. 

Tests of L.O.X. in Ballistic Pendulum 
Table 6 shows the relative explosive strength, as determined by the 
baUistic pendulum, of lampblack cartridges of densities varying from 


PERCENTAGE STRENGTH 
COMPARED TO 40 PER CENT 
STANDARD DYNAMITE, VOLUME BASIS 
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Fia. 8 . — Relative btbbngtb as shown bt ballistic. pendulum of lampblack 

AND GAS-BLACK CABTRIDGES OF TABIOUB DENSITIES. 1, LAMPBLACK £!, 0 175 GM PEB 
C. c.; 2, LAMPBLACK E, 0.23 GM. PEB C. c.; 3, GAB BLACK ES, 0.29 GM. PEB C C.; 6, GAS 
BLACK S, 0.38 GM. PEB C. C.; 7, GAS BLACK TS, 0-49 GM. PEB C. C.; 8, GAS BLACK T, 
0.68 GM. PEB C. C. 

0.17 to 0.58 gm. per c. c. at times of evaporation varying from 5 to 25 min. 
Rimiln.r data are ^ven for a number of other combustible mixtures; the 
data are plotted in Figs. 8 to 12. The cartridge wrappers, weight 5 gm., 
were made of two thicknesses of absorbent hard fiber cotton rag paper 
and were IK in- outside diameter by 8.6 in. long, having the same volume 
as 227 gm. of the standard dynamite. Because of a number of variables, 
the deflection of the pendidum produced by the standard dynamite 
varies slightly from day to day. For comparative purposes, the deflec- 
tions given in Table 6 have been corrected to correspond to a standard 
deflection of 3.30 in. for 227 {pn. of dynamite. The deflection of the pendu- 
lum has been taken as proportional to the weight of the chaise, an 
assumption not strictly true, but sufficiently accurate considering other 
experimental errors. 


Table 6. — Propulsive Strength of L.O.X. Cartridges as Measured by Ballistic Pendulum 
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Table 7 shows comparative strength of two series of cartridges packed 
to such density that, at a given time, the oxygen ratio is 2.4 and 1.5, 
respectively. 


Conclusions 

Conclusions to be drawn from Tables 6 and 7 and Figs. 6 to 10 are 
as follows: 

1. For lampblack cartridges IK iQ> diameter, the optimum packing 
density, for general use, is about 0.30 gm. per c. c. These cartridges have 
a life, for evaporation to conditions of complete combustion, of 5 min. and, 
at this time, a propulsive strength per unit volume 15 per cent, greater 
than the standard dynamite; after 25 min. evaporation the strength is 
still 65 per cent, that of dynamite. 

2. If the presence of carbon monoxide in the products of the explosion 
is undesirable, lighter packing densities must be used for loading opera- 
tions taking longer than 5 min., see Table 7. For example, a cartridge 
weighing 0.27 gm. per c. c. will have sufficient oxygen for complete com- 
bustion after 8 min. evaporation and propulsive strength per unit volume 
97 per cent, that of dynamite; a cartridge wd^ng 0.23 gm. po- c. c. may 
be fired at 10 min. with a strength 87 per cent, that of djmamite; and a 
cartridge weighing 0.175 gm. per c. c. may be fired in 14 min. with a 
strength 70 per cent, that of dynamite. 

3. As the cartridges lose weight through evaporation of oxygen, the 
propulsive strength does not show a proportional decrease. For car- 
tridges of a given weight, the difference in strength between a cartridge 
fired when the ratio of oxygen to carbon is 2.4 and a cartridge fired when 
this ratio is 1.3, is only 15 to 20 per cent. 

4. Due to the low latent heat of vaporization of liquid oxygen, excess 
oxygen over that required for complete combustion gives increased 
strength. For example, a cartridge fired when the oxygen-carbon ratio 
was 3.5, was 12 per cent, stronger per unit weight than a similar cartridge 
fired when the ratio was 2.4. 

5. The strength per unit weight, for a given oxygen-cartridge ratio, 
decreases with increasing density, as shown in Fig. 9. For example, a 
cartridge of lampblack E, draisity 0.23 gm. per c. c., fired when the oxygen 
ratio was 1.45, gave a deflection of 0.065 in. per gm. of cartridge; while 
a cartridge of gas Mack S, densily 0.38 gm. per c. c., fired when the ratio 
was 1.48, gave but 0.053 in. per gm. of cartridge. That the decrease in 
explosive effect per gram of material is not due to any peculiarity of the 
different lampblacks oth^ than density, is shown by results with Cartridge 
9, which was composed of 50 per cent, gas black S and 50 per ceAt. of the 
inert material, kieselguhr. The deflection per gram of combustible was 
0.65 in. when the weight ratio of oxyg«i to cartridge was 1.48, as against 
0.53 in. for the undiluted black, showing that the effect is connected with 
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Table 7. — Relative Strength of Ca/rtridgee of Such Denaily That at Given 
Time of Evaporation Oxygen Ratio is 2.4 and 1.6 


Time of 
Evaporetion. 
^nutee 

Cartiidte Density When Oxygen 
Ratio is 

1 

1 Par Cent. Propulsive Strength* When 
Oxygen Ratio is 

' j 


1 



2.4 1 

1.5 

2.4 I 

1.5 

5 

0.29 

0.435 

112 

116 

8 

0.27 

0.38 

97 

108 

10 

0.23 

0.335 

87 

100 

12 

0.20 j 

0.29 

77 

93 

14 

0.175 

0.25 

70 

1 

85 


« As measured by ballistic pendulum, compared with 40 per cent, standard dyna- 

mite, volume basis. 



Fio. 9. — Relative strength of lampblack and gab-black cartridges plotted 

AGAINST DENSITY. 

the density of the combustible material. As radiation from a gas is 
proportional to the square root of the density, it seems probable that the 
percentage loss by radiation is greater in the case of the heavier cartridges, 
because of the greater gas density produced. 

6. While carbene is initially about 8 per cent, stronger on a weight 
basis than lampblack, this material shows a disadvantage over lampblack 
because of the more rapid loss in strength as a result of the higher rate 
of evaporation of oxygen from this material. 

7. Oil-kieselguhr mixtures have fairly good initial strength, but lose 
strength rapidly as time of evaporation increases. For example, a mix- 
ture of 40 per cent, fuel oil with 60 per cent, kieselguhr had a strengtli 90 
per cent, that of d3mamite at 5 min., but by 15 min. had fallen to 45 
per cent. 

VOL. uaa , — 80 





0. Si 10 16J 20 

TIME OF EVAPORATION, MINUTES ’ 

Fig. 10. — Explosive stbbngth of yARions ioxtubbs at diffbbbmt times op 

BVAPOBATION, AS SHOWN BT BALLISTIC PENDULUM; 2, LAMPBLACK, 0.23 OM. PER C. C.; 
5, GAS BLACK, 0.38 GM. PER C. C.; 10, 40 PER CENT. FUEL OIL, 60 PERCENT. KIESELOUHR; 
11, 15 PER CENT. FUEL OIL, 85 PER CENT. WOOD PULP; 12, 20 PER CENT. LAMPBLACK, 
80 PER CENT. WOOD PULP; 13, 55 PER CENT. COAL DUST, 45 PER CENT. KIESELGUHR; 
14, 78 PER CENT. PEAT, 22 PER CENT. EXESELGITHR; 15, CABBBNE. 
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OXYGEN, GRAMS PER GRAM OF CARTRIDGE 

Fig. 11. — Relation between oktgbn content per gram of cabtridcod at timb 
OF heing and explosive strength per gram as measured bt the balustio 
pendulum; 1, LAMPBLACK £, 0.175 GM. PER O. O.; 2jJ[<AMPBLACK £, 0.23 GM. PER O. 0.; 
6. GAS BLACK TS, 0.435 GM. PER C. C.; 7, GAB BLACK TO, 0.40 GM. PER C. C.; 8, GAS BLACK 
T, 0.58 GM. PER c. c.; 9, 50 per cent, gab black S, !k) per cent, kiesblguhb. . 
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8. Other mixtures containing no lampblack, such as oil-wood pulp, 
coal dust-kieBelguhr, peat-kieselguhr, show good initial strength, but 
because of rapid loss of oi^gen by evaporation they lose thdr effective- 
ness more raiadly than the lampblack. 

9. Admixture of 20 per cent, lampblack with wood pulp increases 
its retentivily of oxygen so that, for periods of jSring up to 10 min., it 
shows the same strength as a lampblack cartridge of density 0.23. 
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Fia 12. — Ratb or mtapobation ut ballistic canhon. 



10. Admixture of aluminum or ferrosilicon to lampblack does not 
materityUiy affect the ^plosive strength. 

11. A cartridge packed with a mixture of 91 per cent, powdered alumi- 
num and 9 per cent, kieselguhr showed a strength, after 8 min, evapora- 
tion, about equal to a lampblack cartridge of density 0.23. The gases 
produced by the cartridge paper are sufficient to account for only a frac- 
tion of the explosive streng^ if the combustion of aluminum is assumed 
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to produce no gas. The boiling point of aluminum oxide is 2210^ C 
and gaseous aluminum oxide is undoubtedly inresent at the instant of 
explosion; see also Table 9. 

12. Comparison of these data with Table 3 shows the desirability 
of cartridges of as large diameter as feasible. For example, with 2-in. 
cartridges the time figures given in Tables 6 and 7 wotdd be doubled. 
For quarry work, where 6-in. cartridges may be used, a large variety of 
cheap materials are available on account of the greatly increased life of. 
these cartridges. 

Gases EJvolved and Pbessure Produced as Determined in Bichel 

Gaqe 

A number of experiments have been carried out in the Bichel gage to 
determine products of combustion of L.O.X. cartridges fired after different 
periods of evaporation. In the procedure employed with ordinary 
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TnCE OF EVAPORATION BEFOKE FIRING, MINUTES 


15 


Fio. 13. — CouFOBrnoN or gasboub pboduots of explosion as measured in Bichel 
OA<n; LAMPBLACK D, DBNSITT 0.224 Gil. PER C. C. 


explosives, the gage is evacuated before firing. As this is impossible with 
L.O.X., in conducting these tests the cartridge is allowed to evaporate in 
gage with the vent valve open until the instant before firing. -By 
this procedure, the cartridge is fired in an atmosphere of nearly pure 017- 
gen, which also takes part in the explosive reaction. Results obtained 
with the Bichel gage are interesting,- but give little additional information 
over that obtained by an evaporation test and a measurement of propul- 
sive strength in the ballistic cannon. The amoimt of carbon monoxide 
to be expected can be predicted fairly well from evaporation test data, 
and tke pressures as measured by the gage agree fairly well with results 
of the ballistic pendulum tests. Table 8 and Figs. 13 and 14 give data 
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obtained by firing cartridges padced with lampUsek D and gas black S 
after different evaporation periods. Table 9 gives data obtained with 
cartridges 6 in. (weight of wrapper 5 gm.) packed with various com- 
bustible mixtures, and shows volume of gases produced, gas composition, 
and maximum pressure produced as measured by the recording gage. 
Table 10 gives data obtained with gas black S, as determined with three 
cooling surfaces, in order to calculate the pressure that the explo- 
sive should theoretically develop if detonated when confined in its 
own volume. 
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Fig. 14. — Composition op gaseous products op explosion as measured in Bichel 
gage; gas blacks, denbitt 0.37 gm. per c. c. 


Table 8. — Products of Combustion after Different Evaporation Periods 



Lampblack D, IK by 12 in. cartridges 


5 

52 

2.34 

2.7 

! 

1 100.7 

1 

85.6 

12.7 

0.3 

0.0 

0.0 

1.4 

7 

53 

2.34 

2.3 

! 97.3 

79.3 

0.0 

16.5 

2.1 

0.3 

1.8 

13 

52 

2.34 

1.7 

1 92.5 

38.3 

0.0 

54.7 

6.1 

0.0 

0.9 

15 

52 

2.34 

1.2 

79.1 

1 

21.0 

0.0 

68.4 

9.6 

0.0 

1.0 


Gas black S, IK by 8 in. cartridges 


3 

60 

2.40 

2.10 

108 

87.0 

0.0 

9.2 

0.8 

0.0 

3.0 

10 

60 

2.40 

1.15 

108 

1 18.3 

0.0 

73.2 

0.0 

0.0 

0.8 

15 

58 

2.40 

0.80 

105 

1 0.9 

0.0 

84.0 

12.5 

0.0 

1 

2.6 

1 
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IH by 8 in. cartridge. 
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Rate of Detonation of L.O.X. CASisiDaES 

Results obtained with the ballistic pendulum reptesent tiie heavii^ 
effect of an explosive. In detennining the efficaqr of an explosive, the 
velocity of propagation of the explosion wave must be considered as this 
determines the speed at which the energy is liberated. The more rapid 
the rate of detonation, the greater will be the shattering effect of 
the explosive. 


Table 10. — Determination of Pressure Devdvped in Own Volume 

Gas black S, time of evaporation 10 min., weight of dope and wrapper 52 gm., weight 
of Ot present at time of firing 93 gm., total weight of charge, 145 gm. 


! 

Cooling Area. 
Square Centimeters 1 

Hei^t of Curve, 
Millimeten 

1 ! 

Pressure. 
Kilograms per 
Square Centimeter 

Average Pressure, 
Ealograms per 
Square Centimeter 

A 3914 

32.25 

100.78 


3914 

1 33.50 

104.69 


3914 

! 33.50 

i 

104.69 

103.39 

B 6555 

1 28.00 

87.50 


6555 

30.50 

95.31 

91.40 

C 7624 i 

! 29.50 

92.19 


7624 

1 

30.00 

93.7tf 

92.97 


P = 1.911A + 0.5B - 1.411C 

= (1.911 X 103.39) + (0.5 X 91.40) - (1.411 X 92.97). 

= 112.1 kg. per sq. cm. 

Let pressure in its own volume be M 
VPS 

M 9625 kg. per sq. cm. 

where W = 145 gm. and S = 0.83 gm. per sq. cm. 

Rates of detonation of L.O.X. cartridge have been determined by the 
Dautriche method. Table 11 shows rates for a number of cartridge 
compositions; Table 12 shows rates of detonation of a lampblack 
cartridge at different evaporation periods before firing. 

Conclusions 

Conclusions to be drawn from the data in Table 11 are as follows: 

1. The rate of detonation of gas-black cartridges varies from 4900 to 
6200 m. per sec., increasing with the density. 

2. The rate of detonation of lampblack cartridges varies from 4200 
to 5000 m. per sec., increasing with the density. 

3. Loof^y packed lampblack cartridges detonate erratically, giving 
rates varying from 1000 to 5000 m. per sec. 
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4. Mixtures of oil aod kiesdguhr detonate at around 3200 m. per sec. ; 
mixtures of oil and magnesium carbonate, containing up to 40 per cent, 
oil detonate around 4000 m. per sec.; while higher percentages of oil 
detonate around 3200 m. per sec. 


Tablb 11 . — Rale of Detonalion of L.O.X. Cartridges 


Material 

Weitht, 

Qrmmi 

Time of 
Evapo- 
ration, 
Minutes 

Rata of 
Detonation, 
Meters per Second 

Lampbladc M 

34 

i 

; 8 , 

1000-5275 
(loosely packed) 

Lampblack M 

42 

6 

5100 

Lampblack B 

50 

: 5 ; 

800-4000 

Lampblack C 

49 

: 5 

5100 

Lampblack E 

30 

1 10 

4200 

Lampblack D 

52 

5 

5000 

Gas black K i 

45 

7 

4900 

Gas black A i 

1 ^ 1 

4 

5300 

Gas black S ! 

50 

6 

5000 

Gas black S 

60 1 

3 

6200 

Acetylene black 

1 42 1 

8 

4350 

29 % fuel oil, 71 % kieselguhr 

70 : 

5 

3100 

35.5% fuel oil, 64.5 % kieselguhr 

75 

5 

3150 

40 % fuel oil, 60 % kieselguhr 

78 

3 

3200 

28.6% fuel oil, 71.4% MgCO, 

65 

8 

3600 

40% fuel oil, 60% MgCOi i 

75 

4 

4000 

50% fuel oil, 50% MgCO* i 

85 

2 

3200 

60 % fuel oil, 40 % MgCOs j 

110 

2 

3200 

15 % fuel oi^ 85 % wood pulp j 

58 

3 . 

4250 

20% lampbl^ D, 80% wood pulp 

55 

3 

4800 

20 % kieselguhr, 80 % lampblack D 

55 

3 

4510 

55 % coal dust, 45 % kieselguhr | 

78 ! 

3 

Misfire 

20 % aluminum, 80 % lampblack D I 

55 

5 ; 

4800 

Carbene | 

42 

® i 

5200 

50% coal dust, 45 % kieselguhr, 5% carbene 

75 

5 1 

1 

1000-3500 


Tabim 12 . — Effed of Evaporation Time on Rate of Detonation 

Lampblack D, l}i by 8 in. cartridges, weight 68 gm. 


Time, 

BlinutM 

1 

Ot per Oram, Grams 

1 

1 

Rate of Detonation, 
Meters per Second 

4 

1 i 

I 2.68 

5350 

6 

i 2.40 ! 

5220 

9 

i 1.78 i 

5250 

12 

1.69 : 

5090 

22 

0.85 1 

5270 

27 

0.68 1 

4860 

30 

O.M 

4670 
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5. The rate of detonation is determined by the constituent present in 
the finest state of subdivision; for example; a mixture of 20 per cent, 
lampblack and 80 per cent, wood pulp detonates at 4800 m. per sec., or 
nearly the same as lampblack alone. 

6. Mixtures containing coarse non-absorbent particles, such as coal 
dust, detonate at low rates and erratically, from 1000 to 3500 m. per. sec. 

7. Addition of aluminum to lampblack does not affect the rate of 
detonation appreciably. 

8. Addition of 20 per cent, kieselguhr lowers the rate about 500 m. 
per sec. 

9. Lampblack cartridges detonate at practically the same rate, what- 
ever the time of evaporation before firing. 

Explosion by Influence Tests 

When an explosive is charged into a bore hole, all the cartridges may not 
be in contact with one another, but may be separated at some point by 
an air gap. The explosion by influence test is designed to show the air 
gap between cartridges over which the explosion wavemay be transmitted. 

In the tests with L.O.X., the test has been conducted by rolling two 
cartridges in two thicknesses of wrapping paper with the desired gap 
between the cartridges and detonating one of the cartridges. The test 
is conducted with successively increasing distanfces between cartridges, 
until no detonation of the second cartridge is obtained. The maximum 
distance over which the explosion will always be propagated is shown in 
Table 13. 


Table 13. — Sensitivity to Explosion by Influence 


Material 

Weight of { 
Cartridge, , 
Grams j 

Weight 
of Os, 
Grams 

i 

Firing 

Time, 

Minutes 

MaximtUn 

Dktanoe 

of 

Explosion, 

Inches 

Lampblack D 

50 i 

210 

4 

6 

Acetylene black 

41 

211 

4 

6 

Carbon black S 

63 

223 

3 

30 

Lampblack E 

40 

220 

6 

20 

Carbene 

40 i 

200 

3 

20 4- 

18.4% naphthalene, 81.6 % lampblack D. . . 

52 : 

210 

3 

20 

14.3 % carbene, 85.7 lampblack D 

54 

212 

4 

20 

15 % gilsonite, 85 % lampblack D 

55 1 

i 

210 

4 

20 

40 % fuel oil, 60 % kieseligpihr 

•- 75 i 

i 1 

205 

4 

1 

12 


The tests show that lampblacks containing but a small amoimt of 
volatile matter are rather insensitive to explosion by influence, the gap 
jumped being 6 in. In the case of lampblack, such as E, containing more 
volatile matter, the gap increases to 20 in. Cartridges of the dense gas 
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black S jump a gap of 30 in. Carbene cartridges are sensitive over at 
least 20 in.; insufficient material W8is available to make fxirther tests of 
this material. The addition of naphthalene, carbene, or gilsonite to an 
insensitive lampblack, such as D, increase the gap jumped to 20 in. The 
kieselguhr-oil mixtures jump a gap of 12 in. Hydrocarbons evidently 
tend to make the mixture more sensitive to explosion by influence. 

Sensihvut op L.O.X. to ExpIjOsion by Impact 

A few experiments have been made to determine the sensitivity of 
various L.O.X. mixtures to explosion by impact, using the large impact 
device* at the Bureau testing station. Gas black and carbene require a 
drop of 20 cm. for explosion and a gas black-ferrosilicon mixture, 2.5 cm. 
Commercial dynamites require a drop of 5 to 10 cm. 

Detonation op L.O.X. with Fuse Alone 

Liquid-oxygen cartridges bum without detonation when unconfined. 
When confined in the bore hole, the lampblack and gas-black cartridges 
sometimes bum without explosion but very frequently detonate. Car- 
tridges containing hydrocarbons, such as petroleum oil, gilsonite, or car- 
bene, always detonate if ignited under confinement. There is reason to 
believe, however, that the rate of detonation is considerably less than 
when these cartridges are detonated by a fulminate cap or other 
detonating agent. In Germany, when a brisant effect is not desired, 
no detonator is employed. Experiments are in progress to determine 
the feasibility of blasting with certain mixtures without the use of 
a detonator. 

The present investigation has endeavored to determine the factors 
governing the explosive properties of typical combustible materials used 
in L.O.X. in the hope that such fimdamental data will be of assistance in 
developing cartridges suitable for various blasting operations. Further 
work is in progress in which different cartridge compositions are being 
tested in actual blasting. 
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• Clarmce HsU and 8. P. Howell: Tests of Permissible Explosives. Bur. of Mines 
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DISCUSSION 

Geoboe S. Rice,* Washington, D. C. — It is well to state to a meeting 
of coal-mining men that the Bureau of Mines does not advocate the use 
of liquid-oxygen explosive in coal mines, for while the flame is short, it is 
of long duration and there is no reasonable hope of making this a permis- 
sible explosive for use in coal mines. During the war, when there was a 
shortage of nitrate (practically at the beginning of the war), we saw a 
notice in the German papers that they were starting to use these explo- 
sives and the Bureau at once began its investigations of the subject. 
The explosive is being used to advantage by a few companies in South 
America and I understand it is being used at a quany in Pennsylvania. 
The Bureau was obliged to put aside its investigation of “L.O.X.” for 
awhile but renewed it a little over a year ago. 

This explosive is composed primarily of oxygen and carbonaceous 
material. The carbonaceous material may be a great variety of things. 
It is so easy to make an explosive in that way that liquid oxygen has been 
somewhat misjudged from the start. After seeing it used during the 
Armistice period in the Lorraine iron mines, where it had been extensively 
used, I felt that it was a good deal easier to use than it later proved to be. 
They fired one shot at a time and thereby made its use comparatively 
easy. It worked very well there. Something like 60 per cent, of the 
Lorraine iron ore is mined by its use. 

When liquid o^y^gen was used in rounds of shots in underground work, 
there was increasing danger. Also, the tendency is for the one-man drill. 
With the decrease in the dimension of cartridges, there is an increase in 
the rate of evaporation. The cartridge must be fired within a certain 
period. In the first stage there is excess of liquid oxygen and practically 
no poisonous fumes result, but only CO* is produced; but after five or 
ten minutes have passed, on discharge carbon monoxide is formed in 
increasing quantities. The explosive has the virtue that there are no 
misfires to dig out. 

In quarr 3 ring, it has a great field, which has not been fully developed. 
I saw it used last year in blasting down 6000 tons of rock in a quarry; 
the previous summer in France I had seen it used at a limestone quarry 
to bring down 10,000 tons of rock. When used that way with the 
lai^ cartridges, the evaporation is much slower; I think that one of the 
largest fields will be in that direction. During the war Germany used 
it in all except the most gaseous mines; it was the universal com- 
mercial explosive. The militaiy authorities wanted the nitrate for 
militaiy ammunition. 

* Chief Mining Engineer, Bureau of Mines. 


1276 


INCBEASING PBODUCTION OF PBTBOLBUM 


Increasing Production of Petroleum by Increasing 
Diameter of Wells 

Bt Lesteb C. Ursn,* Bbbcslbt, Calif. 

(New York Meeting. February, 1925) 


Petboleuh occurs, in nature, as a fluid saturating the pore spaces 
between the grains of porous rocks or aggregations of rock particles such 
as sand, sandstone, conglomerate, shale, limestone, etc. The oil, under 
the influence of gas pressure, hydrostatic pressure, gravity, earth pressure, 
and, perhaps, other natural forces, is caused to flow through the porous 
“reservoir rock” into wells penetrating the stratum in which the oil 
occurs. The principal moving force is the pressure of dissolved or 
occluded natural gas within the oil, though this force is assisted by 
gravity and by the hydrostatic or buoyant pressure of ground water 
about the edges of the “pool.” The wells, providing outlets to the 
surface, are centers of reduced pressure and the flow of rock fluids into 
a particular well is usually an expression of the difference in pressure 
existing between the space within the well and that of the stored oil 
within the reservoir rock. The greater this differential pressure, the 
more rapidly will oil flow from the source rock into the well. Opposing 
movement of the oil from the reservoir rock into the well are certain 
natural forces related to the rock structure, such as pore friction and 
capillarity, and certain others related to the physical properties of the 
oil, such as viscosity and adhesion. The differential pressure between 
the well and the boimdaries of the area drained by it must be sufficient 
to overcome the forces opposing flow if there is to be movement of oil 
into the well. If by any device the resistance to movement of the oil 
may be reduced, the oil will flow into the well at a more rapid rate and 
the effective area of drainage will be increased. 


* Associate Professor of Petroleum Engmeering, UniTersity of California. 
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Relation or Vabublbs Govebnino Flow or Liquids thbough 

Sands 

It has been shown by King* that both water and oil flowing at low 
velocities through sands follow, in a general way, the laws of viscous 
flow, a condition which in the case of flow through a cylindrical tube, 
is expressed by the formula, of Poiseuille: 

„ 0.000668 ZL 7 

P , (1) 

in which P = pressure drop, in pounds per square inch; Z = absolute 
viscosity of oil in centipoises; L = length of tube, in feet; V = average 
linear velocity of flow, in feet per second; 8 = specific gravity of fluid; 
and D = inside diameter of tube, in inches. 



□ . 


A: One square inch on the lUBtttafa 6-in. 
fuel/. (Equipofent to euwer A3CD). 

B: Forty s qum r e inches on the mtttofa 
tto-fbot tre/LfBjuhmient toaremEFOfiX 

C: TnetPo hundred squerre inches on the 
periphery of a 600’fbot chvrinsiqe 
cone. CEquire/tent to errea tJKL). 


I 

Fia. 1. Fig. 2. 

Fio. 1. — Horizontal, wedge-shaped segment of drainage area op a well, 

SHOWING INCREASE IN CROSS-SECTIONAL AREA AYAILABLB FOB OIL FLOW RESULTING 
FROM INCREASE IN DIAMETER OF WELL. 

Fig. 2. — ^Relative cross-sections of drainage wedge 3 in., 10 ft., and 300 ft., 

FROM AXIS OF WELL. 


According to this formula, the pressure loss varies directly with the 
velocity and inversely with the area of cross-section through which flow 
occurs; that is, doubling the effective pressure doubles the rate of 
flow, or, assuming that the velocity remains constant, doubling the 
cross-sectional flow area reduces the pressure loss one~half . 


^ F. H. King: Principles and Conditions of Movements of Oround Water. U. S. 
Qeol. Sur. 19th. Ann. Rep(., part 2 (1897-98). 
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A horisontal, wedge-shaped s^ment of drainage area of a well is 
shown in Fig. 1. If it is assumed that the well is 6 in. in diameter and 
that it is effective in drawing oil from a circular area 600 ft. in diameter 
with the well as a center, by substitution in the formula, it will be foxmd 
that a large part of the energy latent within the oil is expended in moving 
it through the sand within 10 ft. of the well. This is because of the 
great constriction in cross-sectional area of the segment as the well is 
approached. Thus, in Fig. 1, if the area ABCD cut by the segment on 
the wall of the 6-in. well is 1 in. square, the same segment will intercept 
40 sq. in. {EFOH) on the wall of a concentric 20-ft. well. Hence the 
rate of flow of oil through section ABCD is forty times that through 
section EFGH and the pressure loss per linear unit of travel is corre- 
spondingly great. This assumes that all the oil passing ABCD also 
passes EF6H, which is not, of course, exactly true as the volume of flow 
increases as the well is approached. At section IJKL, on the circum- 
ference of the drainage area, the flow is theoretically zero and the area 
is 1200 sq. in. Because of ibe extremely low velocities in the outer half 
of the drainage area, the pressmre loss is almost negligible. In Fig. 2, 
squares equivalent to the cross-sectional areas ABCD, EFGH, and IJ- 
KL are drawn to scale to indicate the relative size of the spaces through 
which the oil must move. 

It is apparent that enlarging the well will increase the effective area 
through which oil enters, and as the pressure behind or within the oil is 
unaltered, the rate of flow will increase and a larger quantity of fluid 
will enter the well. The result is analogous to that obtained by enlarging 
the diameter of a pipe through which water flows. If the effective 
pressure remains constant, the larger pipe will deliver a greater quantity 
of fluid. 

In applying the principle of the Poiseuille formula, Slichter* has 
computed the following equation for the flow of liquids through cylin- 
drical tubes filled with sand: 

^ ~ ulK 

in which Q = quantity of fluid flowing, in cubic feet per minute; p — 
pressure drop, expressed in feet of water; « = area of cross-section of 
tube, in square feet; d = “effective diameter” of sand grains, in milli- 
meters; u => absolute viscosity of fluid, in poises; I length of drainage 
channd, in feet; and K » constant, depending on the porosity of sand. 

From Slichter’s results, the constant K varies greatly with the size 
of the sand grains. If o represents the percentage porosity, K will 
vary as some function of o; that ia, K = Ci o*. From Table III of 
Slichter’s Field Measurements of the Rate of Movement of Under- 

* C. 8. ffliohter: Theoretical Inveetqsation of the Motion of Ground Waters. U. 8. 
GeoL Sur. 19th*An». Bept., part 2 (1897-^). 
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ground Waters,* it is possible to compute the value of the exponent 
for 0 , which enables us to write equation (2) as follows: 

« (S) 

in which C »>= constant equivalent to 0.2012 X Cu If L is taken as the 
radius of the drainage area of a well, r the radius of the weU, and t the 
thickness of the oil sand from which it produces expressed in feet) we 
may integrate equation (3) to find an expression represenidng the pressure 
loss suffered by the oil in flowing into a well from the surrounding drain- 
age area. The result will be: 

(*> 

in which C^is a constant differing fromthatineqiiation(3). Experimental 
data indicate that the value of C in equation (4) will be a quantity 
between 12,000 and 20,000> 



Fio. 3. Fig. 4. 


Fig. 3. — Pressure loss in moving oil through sand into a well; data 

COMPUTED FROM EQUATION 4. An EFFECTIVE DRAINAGE RADIUS OF 300 FT. AND A 
diameter of 6 IN. ARE ASSUMED FOE WELL. 

Fig. 4. — Pressure loss in moving water through sand to an outlbt”'47 in. 

BELOW FLUID SURF AC^ UNIT OF DISTANCE, 12 IN. DaTA OBTAINED BT EXPERIMENTAL 

METHODS After F. H. King in 19th Aiwual Report, U. S. Geol. Survey. 

If we adopt values for p, u, t, d, o, and L in equation (4) and compute 
the flow into two wells, one having a diameter of 6 in. and the other a 
diameter of 20 ft., in a given time the 20-ft. well will produce approximately 
2.1 times as much oil as the 6-in. well (see Table 1). This result accords 
in a general way, with conclusions reached by Slichter.® 


* U. S. GeoL Sur. Water Supply Paper 67. 

^ From thesis of R. S. McIntyre, A Study of Factors Influenoiiig the Und^fground 
Drainage of Oil Sands. University of California, 1924, conducted under supervision 
of author. 

•Op. c«., 362, 377. 
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It can also be demonstrated, by substitution in this formula, that 
the greater part of tiie pressure necessary to force the oil into a well is 
dissipated in overcoming resistance offered by the sand within its immedi- 
ate vicinity. For example, the data for the curve in Fig. 3, computed 
from equation (4), shows that for a 6-in. well draining an area having 
a radius of 300 ft., 52 per cent, of the pressure is consumed in moving 
the oil through the sone within a radius of 10 ft. of the axis of the well. 
Fig. 4, plotted from results obtained by King,* shows a very similar graph 
representing the pressure loss in water-saturated sand in process of 
drainage. These values represent actual pressures recorded under 
experimental conditions. 

Table 1. — Computed Variation in Productivity of Wells of 
Different Diameters 

I Aasumad Badina of Drainaco 

BadiiuofWeU.Feet | 800 Feat | 160 Feat 

1 

I Pur Cent. Produetivity 


0.25 

100 

100 


0.50 

111 

112 


1.00 

125 

128 


5.00 

175 

190 


10.00 

212 

236 


15.00 

241 

278 


20.00 

265 

316 



Expebimental Evidencb Demonstbating Advantage of Labgeb 

Diameteb Well 

To demonstrate in a quantitative way the advantage of the larger 
diameter well in securing a more rapid rate of production, the writer 
performed a small-scale laboratory test in a rectangular box filled with 
oil-saturated sand. One side of the box used (Fig. 5) is of plate glass 
so that the condition of the sand, the position of the drainage lines, and 
tile oil surfaces are apparent at all times. Openings through the ends 
of the box provide connections with oil reservoirs A and B, which are 
kept full of oil. The sand, once saturated with oil, is maintained in this 
condition during pumping operati<ms by oil flowing in from the reser- 
voirs to replace that pumped out. The sand used was accurately sued 
material, 30- to 40-me8h. The oU with which the sand was saturated 
was a San Joaquin Valley, Calif., crude of about 19” B4. gravity. The 
two “wells” used in pumping oil from the sand are tiiown at C and D; 


*02>. ea ., 264. 
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their dimensionB are shown in Fig. 6. Both were immersed in the sand 
to 9 in. below the top surface. A vacuum pump P, connected with 
heavy rubber tubing through an oil receiver R and a manifold of }4r 
in. pipe with suitable valve control, was used to draw out as much oil 
as would enter the wells through the screens. Manipulation of the valves 
XJ and V permitted the application of suction to each well in turn, 



FlO. 5. — ULASa-WALUiiO BUX, BUOMINU ABBAMUBMBNTB FOR PtTMFINQ OIL FROM 

SANDS UNDER VACUUU. 

under conditions that remained practicaUy constant. Each well was 
pumped in turn for ^-hr. intervals, the volume of oil entering the 
receiving flask R being carefully measured in a graduated cylinder. 
The 0.7-in. well produced at an average rate of 133 c.c. per min., while 
the 1.7-in. well averaged 170 c.c. per minute. 

Beneficial Effects Resulting fbom Incbease in Diahbteb 

OF Wells 

From the foregoing mathematical and experimental data, it is evident 
that the productivity of a well will increase with increased diameter, 
and if by any practical means the diameter of the well within the oil 
sand could be increased from 6 in. to, say, 20 ft., the gas and hydrostatic 
pressure would be effective in at least doubling the productivity of the 
well. This increase in the rate of production would also increase the 
radius of drainage of the well and hence the gross production, for 
the reduced resistance to flow would result in the movement of oil over 

TOL. xoao.— 81 
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gr p at^r It must be remembered, in this connection, that the 

area drained by a well is not constant but decreases as the field pressure 
Hiw»liTiAa While oil mi^t move toward the well over a dnunage area 
600 ft. in diameter during the first year of productivity, when the field 
pressure is high, five years later, when the pressure has greatly declined, 
the area influenced by the well wiU be much smaller. The advantage 
of Minting the well in the shortest possible time, therefore, is obvious. 



Fig. 6. — Scbbened tubes ttsed in FTniFiNG on. tbom sand with aid of tacudu. 


AaMiining that the initial year’s production of a 6-in. well could be 
approximately doubled by increasing its diameter within the oil sand to 
20 ft., the ultimate production would be greatly increased. For example, 
according to the U. S. Treasury Department’s Manual for the Oil 
Industry, an average well in the Buena Vista Hills area, Midway 
field, Calif., having an initial year’s production of 70,000 bbl. has a 
probable ultimate production of 234,000 bbl.; while a well having a 
production of 140,000 bbl. during its first year has a probable ultimate 
production cS 378,000 bbl. This represents a gain of 144,000 bbl. through 
enlarging tiie well, which amount, because of the normal decline charac- 
tmistics, is largely recovered during the first two or three years of pro- 
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ductive life, llist is, its period of realization is short and its present 
value correspondingly high. 

Whether the law of equal expectations on which the foregoing 
reasoning is based would hold when comparing a 20-ft. well with a 6-in. 
is, perhaps, doubtful; but even assuming that the large well produced 
no more oil than the small well, it would produce it in a shorter time, so 
that its present value would be greatly augmented and numy years’ 
operating expense would be eliminated. It seems reasonable to assume, 
however, that if the rate of production of a well is thus increased, the 
well will ultimately produce a larger quantity of oil, not only through 
the extension of its drainage area but also as a result erf more efficient 
drainage. As the area of a circle increases as the square of its diameter, 
the radius of drainage of the well does not have to be greatly extended 
to bring twice as much oil within its influence. For example, a dnunage 
area 850 ft. in diameter will contain twice as mucl\ oil as one 600 ft. 
in diameter. Increased efficiency of extraction sJone would easUy 
account for the enhanced production, bearing in mind the fact that by 
present methods of extraction in many cases we probably do not recover 
more than 25 per cent, of the oil present in the sands. In addition to 
the wider spacing of wells that the increased drainage radius would make 
possible, resulting directly in a lower cost of development for a given 
acreage, the advantage of an operator in competition with his neighbors 
along property boundaries, in being thus enabled to increase the rate 
of production and radius of drainage of his wells, is obvious. 

Proposed Method fob Increasing Effective Diameter of Wells 

The foregoing discussion is purely academic and of no practical 
significance unless a means can be found of accomplishing the enlarge- 
ment of the well to the desired diameter and, also, of supporting the 
walls of the enlarged well so that they do not cave. The sinking of a 
well from the surface 20 ft. in diameter to the depth from which present- 
day oil production must be obtained would be imeconomical and imprac- 
tical. The only other alternative is to ream out a well of normal diameter 
to the desired size where it passes through the oil-producing stratum. 
Mechanical imder-reamers intended for enlarging a well at depth, how- 
ever, are limited to a few inches in their range of expansion, and no 
mechanical device that can be operated through a & jn. well can excavate 
a cavity of such proportions as has been su^ested. 

The process here described, which as yet is untried on more than a 
laboratory scale, the author believes will accomplish this result, at least 
in certain kinds of oil-bearing rock: particularly the loosdy cemented 
oil sands characteristic of the Califomia and some of the Golf Coast 
and Mid-Continental fields of the United States. This process consists 
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in the eromn of the oil sand by a high-pressure hydraulic jet of oil 
directed from tubing lowered through the well, subsequently filling the 
cavity thus formed with gravel to support the walls and prevent their 
caving. By the method proposed, under favorable conditions, it is 
conddered feasible to excavate a cavity about the well that will average 
20 ft. or more in diameter 6md extend throughout the entire depth of 
the oil-producing stratum. The well will be filled with oil so that the 
detrital materiid loosened by the jet will be carried to the surface by the 
oil from the jet, the oil being circulated continuously through the well 
in much the same manner as is mud fluid in rotary drilling. After 
the cavity is formed, and while its walls are prevented from caving by 
the hydrostatic head of oil within the well, fine gravel or carefully sized 
crudied-rock fragments about ^ or ^ in. in diameter will be pumped 
into tile well with the circulating oil until the cavity is again filled. The 
walls of the cavity will thereby be prevented from caving when the fluid 
is removed, while the comparatively large interstices between the pebbles 
will offer small resistance to the -flow of oil, so that the enhanced pro- 
ductivity of the well resulting from greater effective diameter will not 
be greatly altered. All of this work is done after the well has been drilled 
to its full depth and completed according to the usual present-day 
practice. 


Forming the Cavity 

The equipment it is proposed to use in circulating oil through the 
well is shown in Fig. 7, while Fig. 8 is an enlarged view of the tubing 
lowered into the well. Two concentric strings of tubing C and D are used, 
the itmer tube D having smooth oxyacetylene welded joints at its lower 
end so that it is free to tiide up and down within the metal plug F closing 
the lower end of the outer pipe C. This plug fits snugly about the inner 
pipe D. Both tubes are lowered into the well, first the outer pipe C 
and then the inner D. The outer tubing is supported in the derrick by 
a swinging spider of the type u£»d in supporting casing in circulating 
while drilling with the cable tools; its lower end is about 50 ft. off bottom. 
The inner pipe D passes throu^ the plug F and extends to within 1 or 2 
ft. of the bottom of the well; it may be supported in stationary elevators 
suspended in the derrick. It is assumed that the well has completely 
penetrated the oil sand and has been drilled 10 or 20 ft. into the under- 
lying formation. All openings between the conductor and outer strings 
of casing are effectively closed with one or more packing heads. A 
stufiingbox casing head is placed on the outer pipe C, the inner pipe D 
projecting through it into the derrick; the upper two or three joints of 
this pipe D also are welded with smooth joints. Pump connections are 
made thiou|d> an armored high-i«essaie hose with one side outlet of 
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Fig. 7. Fig. 8. 

Fig. 7. — Abbangbmbnts fob fobbing a catitt aboot a well bt htbbatilic 

ACTION OF A JBT OF OIL. 

Fig. 8. — Method of fobbing a catitt about a well bt htdbaulic action or 
A JET or oil; 0, oil; 0 & 8, oil and band. 

ing spider permits the outer pipe C to be raised or lowered with the aid 
of the power, without altering the position of the inner pipe D; with 
the flexible pump connection it is also possible to turn pipe C about pipe 
D, back and forth through 360°. 

Oil is pumped down between the pipes C and D, flows under high 
pressure through an orifice O near the lower end of the outer pipe C, and 
is jetted directly against the oil sand forming the walls of the well (see 
F4;. 8). Thous^ its force will be partly absorbed by the oil with wlddb 
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the well is filled, it is thought that the pump pressure of, say, 800 lb. 
per sq. in. will have a considerable erosional effect even though the sand 
face is 8 to 10 ft. distant. By raieing or lowering this pipe C with the 
swinging spider, or turning it on the inner pipe B, as an axis, from the 
surface, the jet may be raised or lowered and directed against all parts 
of the oil-eand face exposed within the well. 

Oil is returned to the surface through the inner pipe D, the lower 
end of which is maintained but 1 or 2 ft. above the bottom of the well. 
Detrital material loosened by the jet settles into the sump below the 
oO stratum and is swept upward to the surface into the sand-settling 
trough; the oil drops its sand and is discharged into the oil sump for 
further circulation. 

When forming a cavity by this method, advantage may be taken of 
the tendency of the oil sand to cave by starting the cavity at the bottom 
of the oil stratum and working upward. Because of the tendency of 
the material to seek its angle of repose, the diameter of the cavity at 
the top may be somewhat greater than at the bottom. Circulation and 
manipulation of the oil jet might be continued until sand no longer flows 
to the surface with the circulating oil, thus indicating that the practical 
limit of the effective force of the jet has been reached. During the early 
stages, it will probably be desirable to use a reduced pump pressure to 
avoid loosening the sand more rapidly than it can be removed by the 
circulating system. However, the circulating ^stem will be capable of 
taking care of large qu&ntities of sand, as the sand does not pack when 
suspended in oil and a large percentage may be present without greatly 
influencing the fluidity of the mixture. 

Filling the Cavity 

Sometimes, in the case of a partly cemented oil sand, the cavity thus 
formed about the well will remain open, the walls displaying little or 
no tendency to cave. In such cases, the well may be placed on produc- 
tion as soon as the cavity has been cleared of accumulated detrital 
material. When dealing with imconsolidated oil sands, however, which 
readily cave as soon as the hydrostatic head within the well is removed, 
it will be necessary to fill the cavity with a porous, sustaining medium 
b^ore the oil in the well has been bailed or pumped out. For this 
purpose, carefully sized gravel or crushed rock fragments about ^ in. 
or in. in diameter may be used. Slichter^ has shown that a fluid 
will flow about 2500 times as fast throu^ fine gravel about in. in 
diameter as it does throu|^ very fine sand (about 150 mesh), even though 
the two media have the same percentage porosity; hence the oil will 
meet with but little resistance when moving through tiie well cavity 
to tiie tubing. 
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The equipment used to excavate the cavity could subaequently be 
used to place the gravel, with some additional features in the surface 
equipment. In Fig. 9 , 1 and J are cylindrical gravel containers supported 
a^ve the stu£Sngbox casinghead K, and connected with the pipe L 
through which oil is pumped into the space between the pipes C and D. 
The two containers are supported on rollers so that they may be revolved 
with the pipe C when manipulating the jet. The pumps and circulating 
fluid are operated in the same manner as described for the formation of 
the cavity, except that the outlet pipe Z> is closed and the oil flows back 
to the surface between the outer pipe C and its conductor casing A. 
However, a lower pump pressure should be used when pumping gravel 
than when excavating so as to avoid loosening additional sand, which 
would settle between the interstices of the gravel and reduce its effective 
porosity. 

The gravel containers I and J are equipped with suitable valves 
M and N where they make connection with pipe L; other valves O and P 
are placed at their upper ends. With the upper valves closed and the 
lower valves open, the interior of the gravel containers may be main- 
tained under the full ptunp pressure and in direct connection with the 
oil-circulating system. Gravel of suitable size to pass freely through 
the valves, and between pipes C and D and through nozzle G, is charged 
into the containers I and J, the upper valves 0 and P are closed, and either 
valve M ox N \a opened. With the pumps working under moderate 
pressure and with oil flowing down between the pipes C and D, out into the 
well cavity through the nozzle G, and back to the surface between the 
outer pipe C and the conductor casing A, gravel enters the circulating 
system, is swept down through the annular space between the pipes C 
and D, through the nozzle G, and is deposited in the well cavity. If the 
volume of the circulating fluid is so adjusted that the oil flowing back 
to the surface has not sufficient velocity to lift the gravel, it will accumu- 
late in the bottom of the cavity until the latter is fiUed. By securing 
a proper ascending velocity of the oil during its return to the surface 
between the pipes C and A, it will, through its sorting action, carry to 
the surface any sand, clay, etc. that may be dislodged from the walls of 
the cavity during deposition of the gravel, leaving the latter free of such 
material. If the sand tends to cave during deposition of the gravel, 
a second pump may force a stream of oil down to the bottom of the well 
through ^e inner pipe D. If the velocity of this stream is carefully 
adjusted, it will, on circulating up through the gravel during deposition, 
cany the loose sand to the surface, leaving the interstices of the deposited 
gravel free of sand. - 

Whmi plftfiing the gravel, the jet is first lowered to a point near the 
bottom of the cavity and then raised slowly and turned back and forth 
as the gravel accumulates. The gravel containers I and J are connected 
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with the circolating system iJtemately, one beiii|( filled while the other 
is feeding its material into tiie well. Hiey may be readily refilled from 
a loading i4>ron, which is filled with gravel on the derrick fioor, hoisted 
into the derrick above the containers, and connected with the valve of 
the container to be filled. 

In some cases, it may be feasible to fill the well cavity by gravity, 
merely dumini^ gravel into the inner pipe D, raising both pipes C and 



Fia. 9. Fio. 10. 

Fio. 9. — ^Abbanoemzsnts fob fhxino a cavity about a wxll with obavel 

BY BYDBAUIilO ACTION OF A JET OF OIl>. 

Fio. 10. — Method of fobmino a cavity about a wbia, by hydbaueic action . 

OF JETS OF on.; DETBITAL MATEBIAE BEHOVED BY CIBCULATINO OB BAILING. 

D as the gravel accumulates; but in view of the difficulty of settling a 
large qumitity of gravel to the bottom of a deep well through a tube only 
a few inches in dimneter, and filled with viscous oil, placing the gravel 
with tib» pump pressure may be pi^erable. Furthermore, the angle of 
repose oi the gravel might not permit the complete filling of a shallow 
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cavity of large diameter by gravity. If the gravel is placed by gravity, 
occasional tamping with the cable drilling tools during deposition will 
aid in working it out to the walls of the cavity. 

After the well cavity is completely filled, the pipes C and D are with- 
drawn and the screen pipe A is lowered to the Iwttom. Some of the 
gravel may cave into and partly fill the hole left by withdrawing the 
pipes C and D, but this material will be readily pushed aside by the shoe of 
screen pipe A as it is lowered to the bottom of the cavity. Any gravel 
remaining within pipe A after it is placed on bottom may be bf^ed out 
with a sand pump. The permanent pumping device can now be lowered 
within the screen pipe and the well placed on production. 

SuppletnerUary Methods for Special Cases 

Should it be found impossible to secure circulation of oil back to the 
surface, because the sands exposed within the well absorb oil more rapidly 
than it can be pumped in, other means of removing the detrital material 
must be adopted. It may be feasible to remove the detached sand 
by bailing, or by a compressed-air lift or ejector. Arrangements for 
bailing are shown in Fig. 10, which shows the application of two jets 
placed 180° apart on pipe C. Oil is pumped down between pipes C and 
and D, as before, and forced through the jets gainst the oil sand, 
gradually eroding it away. It is assumed that oil accumulates in the 
well imtil it attains a sufiicient head to cause the oil sand to absorb it as 
rapidly as it is pumped in. It is thought that this will rarely happen, 
but it may result in attempting to form cavities in partly exhausted oil 
sands, the circulating oil entering the oil sand to fill voids left by oil 
previously extracted. The sand loosened by the jet sinks to the bottom 
of the weU and is removed by the bailer R, which is operated through tiie 
inner pipe D on sand line S. The bailer must be operated continuously 
and lowered to the bottom for its load. Pipe D should, with this method, 
be as large as the diameter of the well will permit and the bailer R should 
be as long as possible in order to secure maximum capacity. 

Under certain conditions, it will be feasible to remove accumulated 
oil sand from the well with a compressed-air lift or ejector. The ability 
of the air lift to handle large quantities of fluid and suspended sand in 
oil wells has been demonstrated in many instances.' A reasonable 
submergence, preferably 30 per cent, or more of the total lift, must be 
secured for efilcient operation; that is, the oil used in operating the jet 
must accumulate in the well to some such depth above bottom. If the 
well has been drilled to a sufficient depth below the oil sand to secure the 
necessary submergence, it might be feasible, with the aid of the ur lift, 

*L. C. Uien: “Petroleum Produotioo Engineeriiig,” 370-377. MoQrsw-Hill 
Book Co., New York, 1024. 
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to mufatain a fluid levd in the well below the position of the oil jet, so 
tiiet the latter can apifly its full force directly against the oil sand without, 
having its energy j^ly absorbed by the surrounding fluid. The effec* 
tive force and range of the jet will be greatly increased in such a case 
but conditions favorable for such a method will be found only in compara- 
tively shallow wells. The maximum air pressure available with two- 
stage compressors (ordinarily about 500 lb. per sq. in.) will limit the 
depth of operations to about 3000 ft., assuming a submergence of about 
1100 feet. 

Of the three methods proposed for removing the oil and sand from 
the well, the first method is the most practical and easiest to apply. 
The well equipment may be readily installed .and the method presents 
no unusual problems. If the weU has been drilled by the rotary method, 
the oil pump used to provide pressure, the oil sump and sand-settling 
trough may be those used in circulating mud fluid during the drilling 
of the well. The swinging spider, special casingheads and gravel con- 
tainers may be readily assembled and moved from well to well and rigged 
in a short time. If circulation cannot be established, because of rapid 
absorption of the circulating oil by the oil-bearing stratum, the bailer 
method or the air-lift method may be employed. The bailer method, 
however, will have but limited capacity for sand and fluid; and the air 
lift will require costly compressor equipment and air transmission facili- 
ties not ordiiuirily available on oil-producing properties. 

The most advantageous method of appl3dng the jet and of filling the 
cavity will vary with different wells and a careful study of the conditions 
to be met should be made in each individual case. The time at which 
the work should be done will also be an important consideration. If gas 
pressure is high during thp early life of the well, the difficulty of keeping 
the well under control will make it advisable to defer excavation of the 
cavity until the pressure has subsided. On the other hand, if the well 
has been producing for some time, it may be difficult or impossible to 
loosen the perforated “oil string” in order to get access to the sand. In 
such a case, it will be necessary to “side track” the lower part of the 
oil string and redrill the well throt^ the productive stratum. A side- 
tracked column of casing may interfere with the action of the jet to some 
extent but need not necessarily prevent a satisfactory result. Applica- 
tion of the oil jet against the perforations with occasional swabbing, or 
circulation under the shoe and through the perforations with a wash 
pipe and plug, will aid in loosening a frozen oil string. 

PossiBLB Difficulties in Application of Proposed Process 

One or more uncertain points have probably suggested themselves 
to tiie reader in connection with the procedure outlined above. How 
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will the oQ sand react under the influence of the hydraulic jet? Will 
the force of the jet, partly spent in overcoming remstance of the well 
flmd, be inadequate for the purpose and fail to secure the desdred range 
of action? Will the jet loosen the sand so rapidly that the lower portion 
of the well and ejector tube will become “sanded up?” Will the cavity 
cave as rapidly as formed; that is, will the hydraulic head maintained 
within the well be ineffective in preventing caving before the cavity 
can be filled with gravel? The author believes that, with varying types 
of oil sand, any one of these occurrences might prevent successful accom> 
plishment of the desired result. If the oil-bearing stratum is a hard, 
firmly cemented sandstone, the radius of action of the jet will probably 
be small. If the sand is unconsolidated and uninfluenced by cementa- 
tion, it may display a tendency to cave during the formation of the 
cavity; and continued caving with possible subsidence of the cap rock 
may lead to serious consequences. Granting that such may be the 
case, with extremes in the degree of cementation of the sand, there are 
still intermediate types or partly cemented oil sands with firm cap rocks, 
in which the process would be successful. In such cases satisfactory 
progress of the work would depend merely on good engineering and skill in 
control and manipulation of the equipment. It is possible that even the 
more difi5.cult types of oil sand can be successfully handled after the 
mechanical technique of the process hsis been perfected. 

The effective range of action of the hydraulic jet in excavating a 
cavity about a well will be influenced, to some extent, by the depth at 
which it is applied. The pressure impressed on the circulating oil and 
transmitted thereby to the jet will be partly consumed in pipe friction 
during its circuit through the well; it must also furnish the lifting force 
to remove the sand detached from the walls to the surface. The net 
pressure, after making these deductions, will determine the effective 
range of action of the jet in the work of excavation. The jet will probably 
lose all semblance of definite form within a few feet of the orifice by which 
it is formed, because of turbulence induced by the surrounding fluid; 
but the momentum of the stream will produce a considerable erosional 
effect at a much greater distance. 

A somewhat difficult problem in design is the determination of the 
desirable diameter for the jet orifice, in terms of the volumetric capacity 
of the pump when operating at the maximum available pressure. If 
two slush pumps are available, as will be the case with a rotary drilled 
well, both may be used, arranged to operate in parallel in order to increase 
the volume of flow. Care must also be taken in selecting the sizes of 
tubing to be used. The annular space between the two tubes must be 
sufficient to pass the desired volume of descending fluid without undue 
pressure loss, and the inner tube must be of such size that an adequate 
ascending velocity for the sand-laden oil will be assured. 
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OpBBATION op PbOPOSBD PbOCBSS on an BbCPEBUlBNTAL SCAUi 

In an effort to find an answer to some ‘of these questions, the author 
performed an experiment in the glass-walled box (Figs. Sand 11). The box 
was filled to a depth of 12 in. with a carefully screened beach sand of 
—50, +60 medi. The sand was then saturate with a California crude 
of almut 19° B4. gravity. Two wells were excavated in the sand, one of 
which was 0.7 in. in diameter and cased with a brass tube and screen 
similar to that illustrated in Fig. 6. The second well was made 1.7 in. 
in diameter. Though left uncased, it displayed but little tendency to 
cave during the entire progress of the experiment. Both “wells” were 
filled with oil to the surface of the sand, as the sand was saturated with 
oil and maintained so by direct connection with oil reservoirs at each end 



A CATITT WITH AID OF A COHPBE8BED-AIH JET; AT LEFT, ABRANGEMENT8 FOR PUMPING 
UNDER VACUUM. 

of the box. In the larger, imcased well, two small glass tubes were 
placed: one }4 in. in diameter with a short nozzle bent at right angles 
at the lower end, through which compressed air under 2 or 3 lb. pressure 
was forced; and the other a straight tube about 0.3 in. inmde diameter, 
which was connected at its upper end, by rubber tubing through an oil 
receiver, to a vacuum pump. The compressed air served to loosen the 
sand as would an oil jet, while the vacuum pump removed oil from the 
hole, carrying the suspended sand detached by the jet. The miniature 
jet was maintained at a depth of 9 in. below the sand surface and was 
slowly revolved so that it directed its force successively in ail directions 
in its h<Hizontal plane. The sand about the jet was rapidly eroded away, 
but was readily extracted and prevented from accumulating in the w^ 
by the vacumn ’pump, oil flowing into Ibe well from the sand to provide 
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the necessary suspending medium. Eventually the ca>dty was mctended 
out to the glass nde of the box, through which its form could be studied; 
Fig. 11 illustrates the result. Though the eand “roof’' overhung the 
cavity at a considerable an^e from the vertical, it displayed no tendency 
to cave and the pear-shaped cavity was maintained without any support 
other than 'the oil in the hole. After excavating the cavity, a brass 
tube 0.7 in. in diameter, similar to that illustrated in Fig. 6, equipped 
with a cylindrical screen at its lower end, was inserted in the cavity to a 
depth of 9 in. below the sand surface. The space about the screen pipe 
within the well and the enlarged cavity was then filled with angular 
fragments of crushed rock of about &-mesh size. This material was 
simply pomod in about the brass tube from the top. 

On completion of the foregoing, there were two brass tubes equipped 
with screens of identical proportions embedded in the oil-saturated 
sand to the same depth. In one case, however, the sand was in immedi- 
ate contact with the screened tube, while in the other case the tube was 
surrounded by a pear-shaped cavity filled with crushed rock, the cavity 
being about 4 in. long and 4 in. in diameter at its lower end. Pum ping 
tests were next made to determine the comparative productivity of the 
two “wells,” using a vacuum pump to suck out the oil from each of the 
two wells alternately, as in the previous experiment. The 0.7-in. 
diameter well, in which the sand was directly in* contact with the screen 
tube, produced at an aven^ rate of 52 c.c. per min., while the well sur- 
rounded by the rock-filled cavity produced at the rate of 106 c.c. permin., 
thus demonstrating conclusively the greater capacity of the enlarged well. 


Location of Well Cavitt in Thick On. Sands 


In the application of the process in thick oil sands, it would probably 
not be necessary to enlarge the well for the fuU thickness of the oU- 
produdng stratum. Because of the rapid depression of the fluid level 
in the immediate vicinity of the well, only the lower portion of the oil 
sand would be productive of oil; and if the well cavity were confined to 
this region, the rate of production would probably be as great as if it 
extended up to the cap rock; this is illustrated in Fig. 12. If edge water 
is present in the oil sand in the vicinity of the well, however, the oil will 
be floated to the top of the oil stratum, and the well cavity, in order to 
be effective, must be placed immediately below the cap rook. If water 
in the oil sand is likely to be a factor, uncertainty regarding its effect at 
various periods in the well’s future history would make it advisable to 
enlaige ^e well through the full depth of the productive sand. 
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ScBEENiNO Effect of Gravel or Crushed Rock 

An advantage that might reasonably be anticipated for a well sur- 
rcunded by a cavity filled with gravel or crushed rock would be the 
screening effect of the gravel in preventiog sand from entering the 
pum ping device used in lifting the oil to the surface. Experiments per- 
formed by the author have indicated that, even with unconsolidated 50- 
to OO-mesh sands under pressures as high as 50 lb. per sq. in., little or no 



Fig. 12. — ^Position of a gratel-fiixed cavitt about a well to drain a thick 
on. sand; because of depression of fluid level in region of well, onlt lower 

PORTION OF SAND IS PRODUCTIVE; WATER IS ASSURED TO BE ABSENT. 

sand will find its way into the closely packed body of gravel filling the 
well cavity. The operator would, therefore, be entirely relieved of the 
many annoyances and loss of operating time occasioned by wear and 
"sanding up” of the pump, the clogging of screens and other difficulties 
occasioned by the presence of sand. It is considered feasible when this 
process is used, to surround the tubing and pump with a shop-perforated 
pipe, without screens of any sort. If of slot form, the perforations may 
have a width as great as twice the diameter of the gravel pebbles.* 
Such a liner would admit oil freely .to the pump, and yet would hold back 
the gravel so that the pump could be withdrawn for repairs when 
necessary. 


*F. A. Graser: Thens on A Study of the Screening Effect of Slot Openings 
in TTnconscdidated Sands. University of California, 1924; conducted under the 
Buperviskm of the author: 
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AnaIiOoibs and Anomalies in Existing Pbacticb 

It has long been the custom of oil producers to “shoot” oil wells 
producing from hard and close-grained reservoir rocks, so as to form 
cavitios and fractures about the wells, but no nimilar practice has been 
developed by operators in the fields deriving their production from 
unconsolidated sands and soft sandstones. While many observers 
have noted the increased productivity of wells operated in such a way 
as to encourage the production of laige quantities of sand with the oil,^" 
the reasons for the increased flow of oil as a result of this practice seem 
not to have been generally imderstood; and there has been little or no 
effort to develop a process that would result in the formation and main- 
tenance of cavities about the wells. In fact, most operators have 
adopted the policy of holding back as much of the sand as possible in 
the hope of preventing the formation of cavities. The reasons for doing 
so are, primarily, to avoid the mechanical difficulties involved in pump- 
ing large quantities of sand with the oil, and the effects of subradence, 
caving, and shifting of sands about the well casings. It is thought that 
the method herein proposed, involving initial formation of the cavity 
before pumping is begun, with subsequent maintenance of the walls to 
prevent caving, will largely offset the difficulties that have hitherto 
been experienced. * 

SxTMMABT and CONCLUSIONS 

In this paper, the increase in rate of production of oil from wells with 
increased diameter is demonstrated from both the physical and mathe- 
matical points of view and by experimental evidence. 

The advantages resulting from this enlargement of the well through 
increase in the rate of productivity are pointed out, the gross or ultimate 
production being greatly increased. Because of the wider spacing 
of wells made possible by the increased radius of drainage, a considerable 
reduction in development expense may be effected. Because of the 
more effective exclusion of sand from the well by the gravel-filled cavity, 
there will be less time lost in repair work; hence production will be 
increased and operating costs reduced. 

A process for enlarging wells where they penetrate oil sands, through 
the action of oil jets directed under pressure against the walls of the well, 
is proposed. If the walls of the cavity thus formed within the oil sand 
show a tendency to cave, they may be supported by filling the cavity 
with gravel or crushed rock, which will offer comparatively little resist- 
ance to the movement of oil. The porous medium with which the cavity 
is filled may also be placed with the aid of the hydraulic jet, using crude 
petroleum as a circulating medium. 

** W. H. Sbbbe: Problems C!oimeoted with the Recovery of Oil from Unconsoli- 
dated Sands. TVcms. (1917) M, 799. 
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Experimental evidence is produced illustrating the appUcation of the 
proposed process on an experimental scale and the increased recovery 
resulting from its application is demonstrated by comparative pumping 
tests which show a marked advantage for the enlarged well. 

DISCUSSION 

A. Beebt Thompson, London, Eng. (written discussion). — The sub- 
ject discussed in this paper has long been debated by operators in 
European fields, where very strong views are held regarding the advisa- 
bility of controlling gas pressures by shutting in wells. While unwilling 
to theorize on the subject of restricted flow, the writer has always been 
disposed to associate himself with those who hesitate to impose any 
obstruction to a natural transitory state that breaks up the oil-containing 
strata and establishes a feeder system which no subsequent events, natural 
or artificial, can approach in intensity. In both Russia and Roumania, 
where the oil is concentrated in discontinuous, disturbed, and irregular 
lenticles of sand varying, within short distances, in coarseness of grain, 
extent of impregnation and degree of cementation, it has been the prac- 
tice to let the wells run wild in order to provoke disruption of strata. 
By encouraging violent eruptions, an extended feeder system is created 
and the ejection of enormous quantities of sand, rock, and clay creates a 
sump and seept^ area that it would be difficult to imitate by any arti- 
ficial means, not excluding actual mining. 

Before discussing the somewhat novel method suggested for enlarging 
the infiltration area, the writer would like to confirm the fact that many 
valuable data applicable to oil are forthcoming from a study of water 
phenomena. Long association with water-supply problems in many parts 
of the world has shown how closely the phenomena of underground move- 
ments of water and oil are related, so that it is pleasing to note the 
author’s use of water formulas. But there is one great distinction; 
whereas, in the case of water, underground phenomena can often be 
observed in workings and shafts, oUfield phenomena can only be con- 
jectured, except in rare and unusual circiunstances. Subjected to dis- 
integrating influences, outcropping oil and wrater strata do present features 
comparable with those at depths below the water table of the district, 
and often below sea level. Fortunately, the mining operations in the 
Pechelbronn and Wertze oilfields of Alsace and Hanover have enabled 
the undei^roimd conditions of oilfields to be observed at leisure and in 
comfort; and to the writer it was interesting to note how correctlythe 
conditions had been diagnosed from merely surface phenomena and 
reasoning. In these mines, the extent of depletion and the old channels 
of movement can be seen, and drainage can be watched in operation at 
great depths. 
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The importance of enlarging the diameter of wells to secure increased 
yields has always been fully appreciated by hydrologists; for which 
reason, where conditions admitted and the rocks were compact and not 
free jdelding, it was preferable to excavate large-diameter wells. Not 
only was a larger infiltration area thereby provided, but a sump was 
produced in which water collected in bulk during periods when pumping 
was suspended. When excavating in light sands, it is always noticed 
that while water oozes from the exposed face of a saturated sandstone, 
the useful supplies are obtained mainly from cracks and fissures or coarser 
streaks, and that, unless such disrupted rock or coarser bands are struck, 
the yield of water is very slow and small. Exactly the same feature is 
noticeable in the oil mines. As new faces are exposed in the galleries, 
frothy oil may be seen spurting from cracks and fissures whereas on the 
unbroken face of the sand there is scarcely any outflow of oil. 

In water work, we are familiar with a type of well that, on penetration 
of a light sand, fills with water and flows but will yield no greater quantity 
of water even if bailed or pumped dry. Such wells often have a static 
head far above the surface. The only apparent explanation is that the 
pore friction in the sand is sufficient to maintain this head at such a value 
that a lowering of the water level has no appreciable influence on the rate 
of outflow from the sand. The writer has met many oil wells that exhibit 
the same peculiarity. When left they gradually fill and flow slowly 
at a regular rate per day, but if pumped dry and kept dry by pump- 
ing there is no increase of yield. An enlargement of the hole would 
undoubtedly lead to some increase of yield, but this increase is of small 
importance unless it results in the penetration of a zone of fracture which, 
by its nature, must present a seepage area far in excess of any enlarged 
diameter. For this reason the writer considers that a much more effective 
increase would result from more violent methods that would make them- 
selves felt over a wide area and probably establish connection with a 
fissure system or zone of disturbance. 

In many cases of loose sands, the proposed conditions of gravel fill 
are naturally reproduced and play an important part in sustaining yields 
and establishing equilibrium. Most of the violent eruptive wells of 
Russia and Rumania expel enormous quantities of sand as well as 
abundant rock fragments in their initial life, thereby preparing a sump 
of considerable capacity somewhere below and not distant from the shoe 
of the casing, but a time is reached when the flows are less violent and 
only sand is ejected with the oil. Detached rock fragments that have 
collected in the well are kept in a state of agitation by gas, rounded, and 
in time form a rubble heap that while protecting the roof and walls of the 
oil bed from further destruction, permits the oil to flow freely to the well. 

Both mechanically formed balls and nodules from the sands coUect 
in large quantities around some of the violent Baku gushers; indeed many 

TOii. xxn.— 82 



1298 INCBBABINa FBODTTCnON OF PB1ITB0I.X011 

tons have been ^cirsoted when repairing or deepening such wells at a 
later period. So far has this effect extended that new wells drilled witiun 
about 100 ft. of a gusher have penetrated these rubble masses. Much 
the same features are developed in the Rumanian oilfields, and in both 
fields dangerously violent eruptions of rock, shale, and sand occur between 
succesrive cleaning operations before oil in any considerable quantity 
enters the well. Months are sometimes spent in patiently dealing with 
these inrushes of material before free communication is established with 
the main oil smid and oil enters in any important quantities. 

An interesting conflict of views recently occurred during the develop- 
ing of a new rich field in Rumania. Violent eruptions of sand and rock 
fragments were seriously endangering the safety of the wells, yet the fear 
of checking the*action before free communication was established with 
the main body of oil sand made the management hesitate to control the 
flows and thereby minimize the risk of loss of the well through collapse 
of the casing. Eventually pieces of the heavy shoe and tom casing were 
expelled with the mineral fragments, yet the chief could not be prevailed 
on to check these outbursts by controlled flow. It was simply a question 
as to whether the casing could resist the gas pressure until the underground 
disruption ceased, and for a time the result seemed very uncertain. 
Fortunately the casing outlasted the disruption of strata and the well 
came in as a very large producer, having prepared for itself an adequate 
feeder system. * 

There is too little information available to say whether controlled 
discharge under European conditions will supersede the oil practice of 
uncontrolled flow. It is often a contest between casing and uncalculable 
forces deliberately provoked in the hope that the casing would resist the 
enormous stresses it is often called on to sustain. In a large number of 
cases, the wells are either faced with irreparable danu^e or lengthy and 
costly repairs, so that this factor must not be overlooked when con- 
sidering the relative merits of the two methods. Long before the law of 
equal expectation was propounded, the principle was admitted in Russia 
and Roumania, and a recognition of this law compels the admission that 
unrestricted flow and so high initial production will result in largest 
ultimate yields. 

Various American writers have, however, questioned the usefulness 
of restricted flow and gas conservation, and some recent notes by J. M. 
Sands on Burbank Developments^^ interesting reading. The value of 
chattering tight sands has been repeatedly demonstrated in numerous 
American oilfields where torpedoing is practiced; in water wells the results 
are often almost equally as important, although there is no gas to facili- 
tate the expulsion of the liquid from the rock. 


** BvXL Am. Aas. PetioL Qeol. 8, 6. 
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As a result of repeated experiments to increase tilm srield from tight 
sands, the writer has found violent methods the most satisfactory. 
Improved yields have been attained by forcing gas, air, oil, or water into 
the strata and then releasing the built-up pressure or baOii^ out the 
liquid; varying results have been attained by applying a partial vacuum 
and important results have been reached by violent swabbing; but shoot- 
ing has proved the most efficacious in harder sands. The writer, there- 
fore, believes that while the method proposed by the author may prove 
useful for cleansing and revivifying wells of certain tsrpes, the best way of 
securing maximum yields in loose-sand fields is to submit to the trouble 
and remove as much sand as possible in the early stages, when the natural- 
gas pressure can be utilized to establish long distant connections with the 
well. The employment of sand screens is probably essential at times to 
ensure economic exploitation of the sands because of excessive mechanical 
difficulties, but most European technologists agree with the author that 
a lai^e percentage of the oil would prove unrecoverable if obstructions 
were placed against the free entry of sand with the oil. 

Lesteb C. Uren (author’s reply to discussion). — This discussion is 
most welcome; particularly as it represents the European viewpoint 
which, as stated, is not wholly in agreement with American practice. 
While adhering to the principle that maximum oQ 3 deld is obtained 
through gas conservation, the author is disposed to accept that part of 
the discussion bearing on the advantages of unrestricted flow without 
further discussion, as he feels that it does not bear directly on the theme of 
this paper. The author would consider the application of the proposed 
gravel-filled cavity process inappropriate for a newly completed well still 
under high pressure, and would prefer to apply the process to such a well 
at some later date, after the pressue had subsided somewhat and the 
feeder system of crevices and fractures tributary to the’ well had been 
cleared by natural means. Enlarging the well cavity would be effective 
in increasing flow at any stage and the principle applies whether flow is 
regarded as occurring uniformly throughout the cross-section of thick oil 
sand or through crevices or channels. 

In the case described by Mr. Thompson, in which a water well was 
pumped diy without increase in flow, the author believes that the well’s 
production would be doubled if a cavity 20 ft. or more in diameter could 
be formed and sustained about it; and this would be true whether the well 
were producing oil or water. the case of oil, however, there is a greater 
‘'draw-down” effect in the vicinity of the wells than in the case of water, 
because the greater visrosity of the oil creates more resistance to flow 
through the sand. 

The author regards the description of the natural formation of rubble 
masses at the bottom of the more prolific Russian and Rumanian wells 
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of the piineiple with which the paper under 
dwaiieioD. deals. Where conditions are such that rock-filled cavities 
about tbs wtils will form naturally, there is, of course, no necessity for 
attempting to create them by artificial means. It seems improbable, 
however, except in unusual instances, that the oil sand will contain gravel 
and rock fragments of proper size to form an effective screen for the parti- 
cular size of sand in which they are embedded. It should be understood, 
in this connection, that the finer sand must be kept out of the gravel mass, 
otherwise no advantage is secured, and effective screening of sand from 
the gravel mass requires careful proportioning and uniformity in size of 
gravel used. Naturally formed gravel masses would seldom attain the 
required d^ree of uniformity and would seldom be formed of the proper 
size of fragments to prevent extraneous sand from permeating the mass 
as a result of the carrying effect of the flowing oil. On the other hand, 
this can be effectively accomplished in the case of the artificially formed 
gravel-filled cavity. 
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Significance of Fluid Level in Oil-well Pumping 

By Lbbtbb C. Ubbn,* Bbbkelet, Calip. 

(New York Meeting, February, 1925) 

It is realized that the depth of fluid maintained in a pumping well is 
sometimes influenced by other considerations than the quantity of fluid 
that will enter the well: the prevention of sand incursion, prevention of 
waste of natural gas, and the maintenance of a suitable submergence for 
the pump, for example. These latter factors have an important influence 
on the productivity of the well, so that otherwise unwarranted fluid levels 
must sometimes be maintained to offset them;1&ut where the handling of 
unconsolidated sands is not a problem of consequence and where water 
has been properly excluded, the principles developed here and the 
practices recommended should apply. 

The principal objective of the producer should be to produce the 
maximum quantity of oil in the shortest possible time. Any method or 
equipment that will increase the rate of production during the early years 
of the life of the well, when gas pressure is high, will greatly augment the 
ultimate production. The maintenance of a proper fluid level in the well 
at all times will go far toward accomplishing this desired result. 

For a given set of conditions surrounding the flow of oil into a partic- 
ular well, in which the viscosity of the oil, the porosity and gnun size 
of the sand, and the diameter of the well appear as constants, two vari- 
ables determine the quantity of oil that will flow from the sand into the 
well. These are: the effective pressure behind or within the ofl in the 
reservoir sand, and the fluid level maintained within the well. The 
former is the expulsive force that causes movement of oil from the sand 
into the well, while the latter determines the magnitude of a resisting 
force opposing such movement. The first of these factors is largely 
beyond the control of the oil producer, but it is in his interest to reduce 
the opposing force to the lowest economic limit. 


* Anooiate Professor of Petroleum Engineering, Univeiaty of California. 
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When oil is not bdng removed from a well and the opposing forces 
have had time to reach equilibrium, the height above the source rock to 
which the fluid rises in the well is an expression of the oil pressure; that 
is, the oil rises within the well above its source until the static pressure 
developed is equivalent to the pressure at which it enters. When this 
condition is reached, no additional oil will enter the well unless the pres- 
sure is sufScient to cause the fluid to overflow at the surface. If fluid is 
removed from the well, however, more will flow in until the former 
static head is again attained and equilibrium reestablished. If fluid is 
removed from the well at a constant rate, as in pumping, the fluid level 
will be permanently lowered by an amount sufficient to permit the neces- 
sary quantity to enter; and the amount of oil pumped from the well may 
be increased by maintaining a rate of production sufficient to reduce the 
fluid surface to some lower level. Eventually, by reducing the fluid level 
to successively lower levels, a rate of production is reached which is the 
maximum flow that the oil-bearing stratum is capable of 3 delding under 
the pressure prevailing in the productive sand. 

flow of oil from the sand into the weU is due chiefly to the combined 
action of expanding natural gas and gravity. Gas pressure is unquestion- 
ably the controlling factor in determining the rate of oil production, partic- 
ularly during the early life of an oil field when the gas pressure is high. 
Hydrocarbon gases dissolved in the oil under high pressure assume the 
gaseous phase when the pressure is reduced and expansion of this gas 
forces a part of the oil out of the sand into the well. Practically all the 
gas escapes from the oil during this process of expansion, but it is an 
inefficient process of expulsion in that a large percentage of the oil is 
normally left in the sands. During the later life of a well, the effect of 
gas pressure becomes comparatively insignificant; but gas pressure is 
never a wholly .negligible factor, even toward the end of the product 
life of the well when gravity becomes the controlling factor. Gravity is, 
of course, always operative, but as it is usually a force of lesser magnitude 
than gas pressure, its effect is less apparent during the early stages of 
productivity when gas pressure is high. 

As petroleum is expelled from the reservoir rock, the remaining oil 
will be concentrated in the lower portion of the sand stratum by the action 
of gravity, leaving the sand pores of the upper horizons comparatively 
open. This downward accumulation of residual oil leaves an open space 
above the main oil body through which gas may freely move. The gas 
is tiius able to escape from the oil at points remote from the wells and 
move toward the well outlets without doing useful work in moving oil. 
When the gas pressure is high, the oil will rise to the cap rock in the 
immediate vicinity of the well, becauM of the elevated fluid level within 
the wefl during this period; this condition is illustrated in Fig. 1. When 
this stage is reached, it is probable that gas is effective in moving oil only 
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in the vicinity of the wdl, while areas remote from the well are dridned 
chiefly by gravity. 

It is apparent that if the fluid level within the well is maintained 
below the top of the oil sand^ the gas will become still less effective, escap- 
ing freely into the well above the oil surface. Furthermore, the sands 
not in contact with oil show a tendency to dryout and accumulate trouble- 
some solid hydrocarbons. Oil producers commonly recognize this princi- 
ple and usually adjust their pump working barrels so that they ^'pump 



Fig. 1. — Dbainaoe of gas through channel beneath cap rock from which oil 

HAS SETTLED BY GRAYITT; WELL IS ASSX7MED TO BE FLOWING. 

off*' or suck air when the fluid surface reaches the top of the oil sand. 
In so doing, however, when pressures are low, considerable oil production 
is sacrificed which might otherwise be realized through more effective 
gravity drainage. With the pump so placed, a fluid level somewhat 
above the top of the oil stratum must be maintained if the standing valve 
is to have adequate submergence. 

To secure oil from wells by gravity drainage, the fluid surface within 
the well must be depressed below the top of the oil stratum; and the 
amount of oil flowing into the well as a result of gravity action will, within 
certain limits, increase as the fluid surface is reduced to lower levels. 
SUchter^ has developed the following formula by means of which it is 
possible to compute the gravity flux to a well for any assumed position 
of the fluid level below the fluid surface in the productive sand: 

2 hka 

in which 

/ = flux to well, in cubic feet per minute 
h » depth, in feet, to which fluid surface is lowered by pumping 
lb B a constant, which may be determined by experiment 
a B of productive stratum, in feet 

r B radius of well, in feet 

> C. S. Sliohter: Theoretical Inveetigstion of tiie Motion of Qrormd Waten. 
19th. Ann, BepU, U. 8 . Geol. Surv. (1897-98) part 2. 
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The 600 represents the assumed radius of drainage of the well, a figure 
commonly used for water wells. An appropriate drainage radius for oil 
wells would probably be somewhat less than 600 ft., but will vary with 
the gas pressure prevailing within the productive sand. 

Inspection of this formula indicates that the production of the well 
is assumed to increase directly with the depression of the fiuid level and 
that the maximum production may be expected when the fiuid surface 
within the well is maintained at or near the bottom of the productive 
sand. King^ finds, however, that this formula does not agree with results 



Fig. 2. — Depression op oil surface in vicinity of a pumping well in which 

FLUID LEVEL IS MAINTAINED BELOW TOP OF PRODUCTIVB SAND. 

0 

obtained in the pumping of water wells, the production actually obtained 
being less than the formula indicates, in some cases being only about one- 
half the theoretical amount. 

A probable reason for this discrepancy between formula and practice 
may be foimd in the depression of fluid surfaces in the sand surrounding 
the wells, which in effect reduces the thickness of the productive stratum. 
As sketched in Fig. 2, the fluid surface in the vicinity of the well will 
eventually be depressed by continued pumping, the drainage slopes toward 
the well flRfiiiTn ing the form of a sharply flexured, inverted, conical surface. 
All oil entering the well must flow through the cylindrical walls below the 
fluid surface. As the fiuid level within the well subsides, the wall area 
exposed to the oil decreases; and as, for a given rate of production, the 
resistance to flow increases as the wall area decreases, the production 
must decline when the wall area becomes so constricted as to impede 
sCTOusly the flow of oil. In other words, increased gravity flow and 
increased wall resistance, both resulting from depression of the fluid 
level, are opposing factors and the maximum rate of production is 
reaUxed only when a proper balance is secured between them. 


* F. H. Ehig: PrincipleB and Conditions of the Movements of Ground Water. 
U. 8. GeoL Bxar. I9th Ann. BepL, (1897-98) part 2. 





LSSTER C. «BEN 


1306 


A fonnula* ocpressiiig the relation between pressure, quantity of oil 
produced, and thickness of the productive sand that is derived from 
Slichter’s data, is as follows: 


P = 



Qu 

td*o** 


in which 


P *= pressure loss, in feet of water, in moving oil into well 
C = a constant; 

Q = quantity of oil produced, in barrels per day 
d = effective diameter of sand grains, in millimeters 
tt = viscosity of the oil, in poises 
0 = percentage porosity 
t = thickness of productive sand, in feet 
L = drainage radius of well, in feet 
r = radius of well, in feet 

In this formula, for a particular well at a given time C, d, u, o, L, and r 
will be constants; hence, 

P oc or Q a Pt. 


With the aid of this latter expression, the variation in productivity 
of a well producing from an oU sand 100 ft. thick has been computed for 
different assumed oil pressures; Table 1 gives the results. In computing 
the results indicated in each column of the table, it is assumed that the 
oil enters with a gas pressure equivalent to that designated at the head 
of the column. The amount of additional gravity pressure resulting 
from successive reductions of the fluid level below the top of the produc- 
tive sand is then determined and the flow computed for each pressure 
increment, full account being taken of the accompanying decrease in the 
effective thickness of the productive sand. Fig. 3* shows graphically 
the results of one series of computations and indicates the method of 
computation. In these calculations, it is assumed that 5 ft. of oil head 
creates a static pressure of 2 lb. per sq. in. It is probable that the 
figures represented in the last few lines of the table could not be realized 
practically, it being impossible to depress the fluid surface in the sands 
immediately surrounding the well to the bottom of the productive 
stratum while the gas pressure is high. If this could be done, theoreti- 
cally there would be no production, as indicated in the table. 


* TmwiMMiiig the Production of Petroleom by Increasing the Diameter of Wdb; 
thu volume, p. 1276. 
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The data Tabte 1 and the fonnula from which they are derived, lead 
to the following condusions: 

1. When the static fluid level* in the well is at an elevation above the 
top of the source rock greater than the thickness of the productive sand, 
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Fig. 3. — Vabiation in pboduction fob diffebent positions of fluid level in a 

WELL. 


the operating fluid level® giving maximum production is always at the 
top of the productive sand. 


< By ''static fluid level'’ is meant the fluid level attained after a period in which on 
oil is pumped and forces have had time to come into equilibrium. 

* By "operating fluid level" is meant the stationary position of the fluid surface 
after prolonged pumping at a uniform rata 
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Table 1. — Percentage of Production Obtained from Sand 100 Ft. Thick, 
for Different Poeitione qf Fluid Level and vfith Different Effective 

Preemres 


Elevati<m of Fluid 
Level above Bottom 
of Sand, Feet 

Effeetive Preeeure at Walls of Well, Pounds 

0 

6 

10 

20 

30 

40 

50 

100 


Percentage of Maximum Possible Produetion 


100 

0 

39 

64 

89 

98 

100 

100 

100 

95 

19 

63 

73 

93 

99 

99 

99 

97 

90 

36 

64 

81 

96 

99 

99 

97 

94 

85 

51 

74 

87 

98 

99 

98 

95 

90 

80 

64 

80 

92 

99 

99 

96 

93 

86 

75 

75 

88 

96 

100 

98 

94 

90 

82 

70 

84 

94 

98 

99 

96 

91 

87 

78 

65 

91 

98 

99 

98 

93 

86 

83 

74 

60 

96 

99 

99 

96 

90 

84 

79 

70 

55 

99 

99 

98 

93 

86 

79 

75 

65 

50 

100 

99 

96 

89 

82 

75 

70 

60 

45 

99 

96 

92 

84 

76 

69 

65 

55 

40 

96 

92 

87 

78 

71 

64 

59 

50 

35 

91 

84 

81 

71 

64 

58 

53 

44 

30 

84 

1 78 

73 

64 

•66 

51 

47 

38 

25 

75 

1 69 

64 

55 

49 

44 

40 

32 

20 

64 

58 

54 

46 

45 , 

38 

33 

26 

15 

51 

46 

42 

36 

31 1 

28 

25 

20 

10 

36 

32 

30 

25 

21 1 

19 

17 

14 

5 

19 

17 

15 

12 

11 I 

! 10 

9 

7 

0 

0 

0 

0 

0 

i 

0 1 

i 0 

0 

1 

0 


2. When the static fluid level is less than double the thickness of the 
productive sand above the bottom of the source rock, for maximum produc- 
tion the operating fluid level must be maintained at an elevation above 
the bottom of the productive sand equivalent to half that of the static 
fluid level above the same point. 

3. For best results, the operating fluid level must never fall below the 
middle of the productive stratum. 

Importance op Knowledge of Operating Fluid Level in Securing 

Maximum Production 

The foregoing analysis should convince the reader that the TnaxiTOnm 
production of oil from a well is realized only when the fluid surface within 
the well is maintained at a definite level. Furthermore, some of the 
factors that determine this fluid level are variable; therefore the milical 
fluid level itself is variable. That is, a position of the fluid levd that is 
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proper at one period in tbe life of a well, is improper at some later period 
when pressures are lower or when the radius of drainage of the well is 
smaller. In general, these two variables are progressively reduced 
throughout the life of the well, so that the fluid level should be correspond- 
ingly lowered; but there is no uniformity in this variation in different 
wells, for local differences in texture and thickness of the oil sand and 
variation in the properties of the oil are important variables in comparing 
the results obtained from wells in different localities. Again, when back 
pressure is applied to a well to conserve gas or to control sand influx, the 
fluid level within the well will be depressed; or if vacuum is applied, the 
fluid level will rise. In such cases, slight variation in the pressure condi- 
tions within the well will necessitate prompt change in the pumping adjust- 
ments if efficiency in oil extraction is to be maintained. 

In addition to increasing the current and ultimate recovery of oil, 
maintenance of the most efficient fluid level in a pumping well will prob- 
ably also result in maximum economy in the expulsive force of the 
occluded and dissolved natural gas. It is well known that many wells that 
are capable of flowing 40 or 50 bbl. of oil per day will often produce double 
that amount when pumped. 

While the importance of maintaining a proper fluid level in pumping 
wells is generally recognized among oil producers, few appear to have 
developed any definite method of determining the position for the oil 
surface that will yield nfaximum production, other than by “cut-and- 
try ” methods. Usually, when a well is placed “on the beam,” the work- 
ing barrel is lowered successively to lower and lower positions and dif- 
ferent lengths of stroke or pumping speeds are experiments with until 
the combination giving the maximum production is found. Often 
during such tests, the results are influenced by other variables such as gas 
flows, temporary mechanical inefficiency of the pump due to sand incur- 
sion, gas locks, etc., and the operator in many cases adopts a system of 
pumping that does not result in the ma ximum production of oil. Too 
frequently, he assumes that the pumping adjustments determined as 
suitable during the early life of the well are proper at later periods; that 
is, he fails to recognize the importance of changing conchtions which 
require a change in fluid level if maximum production is to be maintained. 
Few operators have any knowledge of the operating submergence of their 
pumps, figures on submergence of working barrels usually representing 
the static submei^ence or the depth below the fluid surface after the 
pump has been idle for a time and the oil has had time to rise in the well 
until partial or complete equilibrium of forces has been reached. 

A Fluid-level Indicator fob Use in Oil Wells 

With the purpose of providing a . means of continuoudy recording the 
operating submergence of an oil well pump, or the position of the fluid 
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level within tiie wdl while the pump is at work, the writer has devised a 
fluid-level indicator, the use of which should lead to a better understand- 
ing of the conditions within the well and to greater efficiency in oil extrac- 
tion. This indicator is shown in Fig. 4 in its simplest form. A tube A 
is attached rigidly to a cylindrical cup B and is concentric therewith; 
these parts must be made of iron, steel, or some other metal that conducts 
electricity but is not attacked by mercuiy. The cup B is partly filled 
with mercury, which finds access to the interior of tube A throu^ holes 
C near its lower end. Both ends of the tube A are tightly sealed with 
suitable plugs D and E made of material that is not a conductor of elec- 
tricity, so that the space within the tube is capable of retaining air and 
mercury under pressure without leakage. Extending through the center 
of the tube A, and stretched rigidly between the insulating plugs D and 
E, is a wire F made of high electrical resistance metal, such as nichrome. 
Electrical connections G and H are provided near the top of tube A by 
means of which wires I and J,made of copper or other material of low elec- 
trical resistance, are connected respectively with the high-resistance wire 
F and the tube A. Wires I and J are covered with insulating material 
and twisted together to form a cable that extends to the surface and to 
the instrument where the fluid level is to be recorded. This cable is 
sheathed in a covering that will protect the insulating material about the 
wires from detrimental contact with the fluid in which it is to be 
immersed. The cable is attached to a supporting bail screwed to the top 
of tube A and serves as a suspending m^ium by means of which the 
entire device may be lowered to the bottom of the well. 

Before lowering the indicator into working position, valve K, which 
provides a means of adjusting the volume of air above the mercury surface 
in the tube, is opened, thereby causing the mercury to assume the same 
level in tube A as that of the main body of mercury in cup B; the valve is 
then closed. As the device is lowered into the weU fluid, the latter has 
access to the top surface of the mercury in the cup B through holes L 
in the cover; the mercury surface in the cup is depressed as the static 
head increases, while air imprisoned in the upper part of the tube is com- 
pressed to an equivalent pressure and correspondingly smaller volume. 
The greater the static head imposed above the mercury surface, the 
more the latter will be depressed in the cup B and elevated in the tube A ; 
that is, the greats the fluid pressure, the shorter will be the length of 
resistance wire exposed above the mercury surface. 

Near the point where the fluid level is to be recorded, wires I and J 
are connected with a source of electricity of suitable voltage, through an 
ammeter M sufficiently sensitive to indicate small changes in the flow of 
current; see Fig. 5. The source of the electric current may be a li g h ting 
circuit with a low-voltage transformer in circuit or, if the wdl is not too 
deep and a milliammeter is available, a group of dry cells connected in 
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series or a storage battory may be used. The voltage must be proper* 
tioned to the resistance imposed by the circuit and the high-redstance 
wire F must be of such length and cros8*seotion as will make the ammeter 



Fia. 4. • Fia. 6. Fio. 6. 

Fig. 4. — ^Vebticai. bection thbouoh cnaNDBiCBi. type op Pt.tni>-inrEi> imdicatob. 
Fig. 6. — ^Aioieteb and connections fob use with plitid-level indicatob. 

Fig. 6. — ^AnNCLAB POBM op PLUID-LErEL indicatob pob ttse with plungeb puhp. 

sensitive to small changes in the position of the mercury surface. If 
greater length is needed for this high-redstance wire than is afforded by 
the Imigth tube A, the resistance dwnent may be in the form of aspiral 
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wound on a core of some non-conducting material. For very low sub- 
mergence, tlie space within the tube above the mmxury surface may be 
maintained under vacuum as in the ordinary mercury barometer. 

The electric current flowing into the device through wire J, is short- 
circuited from the walls of tube A, through the merciuy to the resistance 
wire thence back to the ammeter through wire I; hence, as the mercury 
surface rises in tube A, aa a, result of increase in the superimposed fluid 
head, the current flows throt^h a shorter length of the resistance wire, 
resulting in more current passing through the ammeter. By c^brating 
the ammeter dial to accord with computed changes in the volume of air 
imprisoned in tube A, or of the mercury surface in ii, in terms of the 
known or measured resistance offered by the circuit for different positions 
of the merciuy surface, a direct reading of the depth of superimposed 
fluid is obtained. For use under low submergence, a brine solution or a 
solution of any electrolyte may be used instead of mercury. By using a 
recording type of ammeter, a continuous record is secured. Unless a 
continuous record is desired, however, the current need be used only at 
such times as measurements are required, switch N providing an ever- 
ready means of controlling the ciurent. 

The writer has constructed an indicator of the type described, having 
an iron tube 0.824 in. in internal diameter and 2 ft. 8 in. long, which is 
sensitive to a change of as little as 1 ft. in the potion of the fluid level. 
The high-resistance element is a straight length of No. 22 '‘nichrome” 
wire (resistance about 1 ohm per foot) and No. 6 copper wire (resistance 
2.1 ohms per mile) is used for the electric circuit. This instrument has 
been tested for the measurement of fluid depths as great as 150 ft., using 
a storage battery having a potential of 5.6 volts as a source of current. 

If a lighting circuit furnishes the current, the size of the resistance wire 
must be proportioned so that the resistance element does not become 
heated. At elevated temperatures, the resistivity of the circuit will be 
much decreased, the pressure of the imprisoned air above the mercury will 
be increased, and the mercury will be partially vaporized. 

For use in connection witii an oU-well plunger pump, the design may 
be slightly tdtered, as illustrated in Fig. 6. Here the cup B has been 
replaced by an ftTuinlur mercury reservoir, the iimer wall of which fits 
snugly about the outside of the pump working barrel, resting upon the 
upper edge of the foot piece. The tube A attached to the mercury reser- 
voir, as before, extends upward in close contact with the outer surface of 
the pump working barrel and is attached thereto near its upper end. The 
cable containing the copper conductors is bound, at intervals, to the 
outside of the well tubing to prevent its becoming entangled as the latter 
is inserted or withdrawn from the well. 
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UsB OF Fluio-levbl Indicatob in Detebminino Pbopeb Rate of 
P uHPiNa TO Secube Maximum Pboduction of Oil 

Assuming that a fluid-level indicator has been installed at a pumping 
well and has been properly adjusted to indicate the approximate position 
of the fluid surface in the well at all times, it should be possible to deter- 
mine quickly the length of pumping stroke and frequency of stroke that 
will yield a maximum production of oU. 

If the pump is star^ after a period of idleness, the fluid level will be 
high: probably high enough to have reached its static level, or position of 
equilibrium, with the oil pressure at the horizon where it enters the well. 
The working barrel should be placed as near the bottom of the productive 
stratum as is consistent with proper exclusion of sand from the pump. 
A suitable length of stroke (according to the depth of the well and its 
probable production) should be provided by proper adjustment of the 
wristpin in the crank. The engine or motor is then started, using at 
first, say, 15 strokes per minute, and the fluid-level indicator observed 
until equilibrium is reached between the incoming oil and that pumped 
out. l^en the fluid level becomes stationary, the rate at which the oil 
is dischai^ed from the lead line is carefully gaged. 

If the fluid level is higher than that at which computations (similar 
to those described in the foregoing pt^es) indicate the maximum produc- 
tion should be secured, ti5e speed of the engine is increased until a lower 
fluid level is established and a second gaging test is made. This process 
is repeated until the frequency of stroke and operating fluid level giving 
maximum productivity is determined. The fluid level must reach a posi- 
tion of equilibrium in each test and the fluid level adopted for permanent 
adjustment of the pumping speed must be that which yields the maximum 
quantity of oil. li oil is pumped from the well more rapidly than it is 
able to enter, continued sinking of the fluid below the depth at which 
proper action of the pump is secured will at once be apparent. This 
adjustment can be made as satisfactorily, perhaps, without the aid of a 
fluid-level indicator or without any knowledge of the position of the 
fluid surface, but the indicator will make it possible to determine the 
proper pumping speed with greater precision and more expeditiously. 

While the fluid-level indicator will be of considerable aid in making 
the initial adjustments, its chief value is foimd in the later period of 
routine operation. If wear of the pumping device or sand accumulation 
or a “gas lock” in the working barrel has occasioned mechanical ineffi- 
ciency resulting in decreased production or if, for any reason, the flow of 
oil into the well has increased, the fluid-level indicator will show a higher 
level than that determined as most efficient, and proper remedial measures 
may be. taken or the pumping speed increased until the proper level is 
again established. Again, if the yield of the productive sand should 
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suddenly decrease, as in the case of clogging of the sand pores with par- 
affin, the fluid-level indicator will prescribe a slower rate of pumping. By 
frequent inspection of the fluid-level indicator, the operator is able 
promptly to adjust the piunp to meet any contingency, and continued 
gaging tests of individual wells become unnecessary in so far as pump 
adjustments are concerned. Maximum efficiency in oil production may 
thus be secured. 

By a little ingenuity in the arrangement of electrical circuits con- 
nected with the ammeter or indicator circuit, an electric bell could be 
caused to ring in some central establishment on the lease whenever the 
fluid level in any well deviated from its pre-established position, thus 
indicating breakage of rods, parting of tubing, '^sanding up” of the pump, 
failure of the power, or other irregularities resulting in deviation from 
normal operating conditions. It should even be possible, by suitable 
electrical connections, to cause the fluid-level indicator to increase or 
decrease automatically the speed of the engine or motor when variation 
in fluid level requires such adjustment. 

Use of Fluid-level Indicator in Determining Source of Water 

IN Oil Wells 

A knowledge of fluid levels in oil wells is impbrtant in other ways; for 
example, if water breaks into a well from an extraneous source, it may be 
difficult to determine the horizon from which it comes; yet a knowledge 
of the source of the water is essential before repairs can be undertaken. 
If the well is equipped with a pump and a fluid-level indicator and the 
amount of fluid entering the well is within the capacity of the pump, 
determination of the horizon at which the water enters becomes a simple 
matter. All that is necessary is to permit the water to accumulate in 
the well until it establishes a head at which no more water enters. The 
pump is then started, first at low speed and then at successively higher 
speeds until the lowest possible stationary operating fluid level is reached; 
this will be approximately the level at which water enters. When the 
speed is increased beyond that necessary to maintain this lowest station- 
ary fluid level, the water is being removed more rapidly than it enters the 
well and the fluid level will continually subside. 

Summary and Conclusions 

The position of the fluid surface maintained within a weU has an 
important influence on its productivity. Under the conditions prevail- 
ing within a well at a given time, maximum production is realized only 
when the fluid surface is maintained at a particular level and slight 
variation from this economic fluid level will often greatly alter the 

VOL. uaa . — 88 
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recovery. If the static fluid level and the thickness of the productive 
stratum are known, the devation at which the fluid surface should be 
maintained may be approximatdy computed. For low pressures, a 
lower level will be preferable; never, however, below the middle point of 
the productive sand. 

Tbe importance of a knowledge of the fluid levels maintained in weUs 
while the piunps are at work is emphasized. To provide a means of 
determining the level of the fluid surface within a well at all times, a 
design for a fluid-level indicator is described and the advantages accruing 
to the oil producer through its practical use are discussed. The use of 
such a device should lead to a greater rate of production and consequently 
greater ultimate production; it will also be useful in indicating promptly 
breakage or mechanical inefficiencies of the pumping equipment. Its 
postible use in locating the source of water entering an oil well from an 
extraneous source is also suggested. 
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Detennining the Constants of Oil-production Decline Curves* 

Bt Habrt M. RoESEByt Washington, D. C. 

(New York Meeting, February, 1925) 

As A result of the publication, several years ago, of some articles on deter- 
mining the constants of empirical formulas, the determining the constants 
of types of curves tised for estimating the production decline of oil wells 
was brought to the writer for study. Methods requiring the minimum of 
time and labor and the maximum of rigor were sought, as it appeared that 
the nature of the data from which such curves are computed and the 
relative uncertainty of occurrence of the events predicted from them did 
not justify dose adherence to the theory on which the solution of such 
problems is ordinarily based. 

The technical deficiendes of the solutions presented in this paper, from 
the standpoint of the method of least squares, are readily apparent to 
those familiar with that method, but their presentation in detail here is 
irrelevant to the subject matter. However, it is the author’s conviction, 
after a rather exhaustive study of the problem, that the value of the 
solutions lose little by the approximate application of the conven- 
tional theory. 

It must be imderstood by those who use these formulas that the solu- 
tions herein given, and the formulas based on them, are merely facilities 
to aid the valuation engineer in forecasting future events. It is assumed, 
also, that before application is. made of them, presdent judgment based 
on the circumstances in each case, shows that the forecast has some 
probability of realization. On this basis only will these formulas be 
found useful. 


* PaUidMd tqr pomianon of tiie Diraotor of the Boieau of Standards, 
t Engineer Physicist, Bureau of Standards. 
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En^eers in the oil industry have settled upon two types of curves 
for estimating production decline, viz., y => hr*, and y ■■ ht* wherein 
y is the production, in barrels, for a given accounting period x, and 
k, r, and n are constants. Given the constants, the formulas can be 
used to determine the production for a subsequent period and the total 
available oil under ground after a given period. Numerical examples on 
which to demonstrate the proposed solutions may be found in the article 
by Charles S. Larkey, in Mining and Mbtallttbgt.^ They have been 
selected because the results herein obt^ed may be directly compared 
with the results obtained by methods more or less current in the industry. 
In fact, this paper may be considered as supplementing that article. 

Solution for Form y — kr* 

By taking the logarithms of both sides of the equation y = h-*, the 
form will plot as a straight line on semi-logarithmic cross-section paper. 
Thus, y = kr* log y = log fc -1- x log r. 

Plotted on semi-logarithmic cross-section paper, this has the {/-inter- 
cept k, and slope r. Exactly similar results may be obtained by plotting 
values of log y against values of k on ordinary cross-section paper. 

It has been shown^ that the best straight line that can be fitted to 
a set of observations distributed according to the law {/ = o + 6* 
must pass through the point x, y <= Xm, ym, where Xm is the arithmetic 
mean of the observed values of x, and ym is the arithmetic mean 
of the observed values of y. This fact may be made extremely useful 
in any problem requiring the fitting, by trial, of a straight line to a 
set of observations presumed to follow a lifiear law with respect to the 
independent variable because one point through which the required line 
must pass is rigorously determined. Con»der for example the observa- 
tions given in Fig. 2 of the article by Mr. Larkfey. 


X 

Years 

Barrels 

Loo y 

1 

36,952 

4.56763 

2 

31,763 

4.50178 

3 

23,153 

4.36461 

4 

20,834 

4.31877 

5 

17,514 

4.24339 

6 

13,041 

4.11531 

Mean value of x 

== Xm = 3.5; mean value of log y 

= ym = 4.35192. 


According to the theorem, the best straight line through the 
plotted points must pass throu^ the point Xm, Vm — (3.5, 4.35192), and 
may be located by rotating a straight-edge about that point until it 
appears to be in the proper position. Those who cannot rely on their 
judgment to decide the b^ position may resort to the following expedient: 

* (July, 1923) 4 , 341; it is reprinted in this volume see p. 1322. 

*Phy». Rev. (1917), 9 , 80. 
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Consider any two observation equations 

log » log Jk + xi log r (1) 

and log yt » log & + zt log r (2) 

Subtract (2) from (1) 

log tfi — log vt = (xi — xt) log r, 

_ logyi - l ogy, 

’ ® Xf — Xi 

This gives an approximation for log r that is the elope of the required 
line. The value of log r from a single calculation such as this should not 
be considered the correct value; the mean of a sufficient niunber to give 
a stable value should be taken. There are as many such calculations 
for log r possible as there are combinations of the number of observations 
two at a time; in the case at hand, there are fifteen possible, and if the 
fifteen are made, the mean of the group should be exactly the same as that 
calculated by the method of least squares shown in Mr. Larkey’s article. 
For practical purposes, only enough need be made to satisfy the computer 
that he has a stable value. 

Having determined log r, and consequently r, k may be determined 
from the relation, 

log h = y» — Xm log r, 

wherein y« and z» are as defined before. Tbe curve is thus com- 
pletely determined. 


Solution fob Fobm y = fcz" 

If the center of coordinates of the original data is properly located, 
the equation y = kx” plots as a straight line on logarithmic cross-section 
paper; but unless so located, it will plot as a curve concave toward the 
y axis, if the center of coordinates is too far to the left, and convex, if 
too far to the right. This fact is emphasized on p. 78 of the Manual 
of the Oil and Gas Industry, issued by the U. S. Internal Revenue Service, 
and in Mr. Larkey’s article. A disadvantage of the equation in the form 
given is that two independent computers will obtain the same constants, 
and thus the same curve, only by chance except through laborious calcu- 
lation. The curve type, as adopted, is fimdamentally inadequate; the 
difficulty would be eliminated if the following form were used; 

y = fc(z + c)" 

in which k, e and n are constants. With this form, any two independent 
computers who determine the constants by ordinarily reliable methods 
must necessarily derive the same curve. Further, the curve as determined 
will plot as a straight line on logarithmic cross-section paper. A short 
solution for the constants k, c, and n will be illustrated by determining 
them for the curve shown in fig. 4 of Mr. Larkey’s article. 
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Take the logarithm of both sides of this equation and there results 
log y =: log k -{-n log (x + c). Treating any two observation equations 
thus, we have 

log = log k + n log (*i + c) 
log y* = log fc + n log ix» + c) 

Subtracting (2) from (1) and solving for n, 

_ log yi — log yt 
” log (xi + e) — log (xt + c) 

For convenience in handling solutions of this type, let it always be 
considered that the value of (x + c) corresponding to the first observa* 
tional value of y is unity. 

The constant c and the corresponding value of n may be determined 
by adding different trial values of c to values of x and solving equation 
(3) for n. The value of c that gives a constant value of n for all pairs of 
observations xi, y\ and Xt, yt is the proper value of c and the value of n 
thus found is the one required. A simple and systematic manner of 
doing this is as follows: 


Decline Data for Property in Sec. 12, T. 21N., R. 12E., 
Tulsa County, Okla. (Larkey’s Article) 


V 

Lo«» ^ 

First 

Differences 
(Log yi— Log vi) 


i 

Log » + c 

First 

Differences 

+ «),- 
Log(Zt + c) 

20,567 

4.31317 

+0.14956 

1 

' 0.00000 

i 

-0.30103 

14,675] 

4.16361 

+0.12261 

2 

0.30103 

-0.17609 

10,990 

4.04100 

+0.10802 

3 

1 0.47712 

1 

-0.12494 

8,570 

3.93298 

+0.09193 

4 

1 

j 0.60206 

-0.09691 

6,935 

3.84105 

+0.08221 

5 

0.69897 

1 

-0.07918 

5,739 

3.75884 


1 6 

! 0.77815 

-0.06695 




7 

0.84510 

1 

-0.05799 





0.90309 

-0.05115 




9 

0.95424 

-0.04576 




10 

1.00000 

-0.04139 




11 

1.04139 

-0.03779 




12 

1.07918 



( 1 ) 

( 2 ) 

(3) 
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Having prepared a table of logarithmic differences and assuming that 
c is a certain integral value, divide the succeeding diffm«nces for log y in 
order by the differences for the appropriate values of log {x e). 

Thus assuming that c 2, then (xi + c) = 3 and the 1<^ (z *4* c) 
difference corresponding to (zi + c) = 3 is —0.12494. Dividing the 
first log y difference (+0.14956) by this quantity yields the value 
n = —1.197. In succesfflve order, 0.12261 -5- —0.09691 = —1.265 = n. 
This variation in the two values of n is too great to support the possi> 
bility of 2 being the correct value for c, so that it can be dropped and the 
same procedure may be carried out for c = 3, or until a value is found that 
yields a reasonably constant value of n in the successive divisions. 
The divisions may be made with sufficient accuracy on a slide rule. 
The accompanying table is not necessary to the practical solution 
but it illustrates how the values of n vary corresponding to assumed 
values of c. 


Values of n Cobbesponding to Assumed Values op c 


c - 0 1 

n ^ 

c ■« 1 
n 1 

! 

c * 3 i 
n ; 

c « 4 
n 

1 e - 5 
n 

! - 

Xi 

-0.497 

-0.849 : 

-1.197 : 

-1.543 : 

-1.889. 

-2.234 

2 

1 

-0.696 ! 

-0.981 ! 

-1.265 

-1.548 ; 

-1.831 

-2.114 

3 

2 

-0.864 i 

-1.115 1 

-1.364 

-1.613 ; 

-1.863 

-2.111 

4 

3 

-0.949 ! 

-1.161 i 

-1.373 

1 -1.585 i 

-1.797 

-2.009 

5 

4 

-1.038 

-1.228 : 

-1.418 i 

i -1.607 1 

-1.797 

-1.986 

6 

5 




Mean = j 

1 

-1.835 ! 



1 


The values in each column of the table are computed, as outlined, 
for each assumed value of c from c =3 0 to c = 5. It will be noted that in 
all the columns corresponding to c = 3 or less the values of n tend to 
become greater as x increases. For values of c = 4 or greater the corres- 
ponding values of n become less as x increases. This indicates that the 
correct value of c lies between 3 and 4; but as integral values are satis- 
factory tabular interpolation need not be applied to determine the 
fractional value and c = 4 may be selected as the correct one. The mean 
of the five values of n may be taken as the proper value of n; or if a better 
one is desired, after having selected the value of c more values of n may be 
computed and the mean of the group taken. With the set of observations 
at hwd, fifteen such solutions are posrible and the mean value of n from 
all diould agree exactly with Mr. Larkey’s solution. 

The mean of the five values, in the accompanying table, for c == 4 
is n «= 1.835. This is a practical agreement with Mr. Larkey’s solution. 




1320 DETBBxnnNO thb constants or oh^-froduction dsclinb cubybb 

whidi results in beginning his values of x with 2 = 5, and n = 1.8415. 
The values of n and e thus determined establish the plot as a straight 
line on logarithmic cross-section paper or on ordinary cross-section paper 
if values of log y are plotted against values of log (x -i- c). It is known 
from the theorem cited above that if y* is the mean of the values of log y 
and Xm is the mean of the values of log (x -|- c) the line must pass through 
the point (xm, y«) » (0.86326, 4.00844). The value of n determines the 
dope and thus the line is determined. 

The constant k is determined from 

log k=‘y^-nx„== 4.00844 -1- 1.835 X 0.86326 = 5.59252 
Jb = 391,300, which determines the curve. 


Estuiation of Available Undebgbottnd On. Supply 


The extreme extrapolation required when estimating the available 
underground oil supply after the production-decline curve for a well or 
field has been determined would be discountenanced in ordinary physics 
or engineering practice. Grantii^, however, that the exigencies of the 
situation justify it in this case, simpler methods may be employed for 
estimating the underground supply than have come to the author’s 
attention. 

To use the formula y = kr*, the total oil remaining underground after 
a given period x' may be computed from the formula, 


Q = 


kr-' 

log.r 



This formula is derived by integrating function (1) from x' to infinity. 
If x" be the time at which the economical production limit will be 
reached, the total obtunable supply is 

« “ l4rr<’"" - 

which is derived by integrating function (1) from x' to x", x" being deter- 
mined from 


.r" = log y' - log k 

® log.r 

in whidi y' is the economical production limit. 

Similarly for the form y = k{x -|- c)". The total oil remaining under- 
ground after a given period x' is, 

k(x + 
n -|- 1 


Q 
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and the total obtaioable supply ia 
^ - n + 

in which x" is the time at which the economical production limit will be 
reached and is determined from 

Tl 

y* being the economical production limit. 
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DETERMINATION OF PRODUCTION DECLINE CURVES 


Mathematical Detennination of Production Decline Curves* 

Br Charles S. Lasket 

Numerous papers have been published on the use of graphic methods 
for determining the best curve for estimating the production decline of 
oil wells but, as far as the writer has been able to ascertain, nothing has 
been published showing how curves may be worked out mathematically 
that will conform most closely to the production data under consideration 
in any given instance; hence the writer has endeavored to show just how 
such application can be made. 

Among the valuation engineers, two types of curves are in current 
use for the representation of the decline in production of oil wells. One 
may be represented by the equation, y = kr*; this is sometimes known as 
a percentage curve, for the production for any period is multiplied by a 
constant rate or percentage to obtain the production for the succeeding 
period. It appears as a straight line on semilogarithmic cross-section 
paper. The other curve may be represented by the equation, y = fc*", 
and is shown as a strmght line on logarithmic cross-section paper. 

In each equation, y represents the number of barrels produced in a 
given period of time, and x the successive periods of time. The other 
letters are constants to be determined for each well, or group of wells 
considered in arriving at the most probable curve to represent the rate of 
production for a given property. From this the imderground reserves 
may be estimated by extrapolation, or by extending the curve beyond 
the last known period of production to show the most probable produc- 
tion values for the future. 

Application to the Burbank Pool 

Fig. 1 relates to a property in the Burbank Pool, Osage Ckiunty, Okla. 
The production is shown as an average per well per month, is plotted 
to the vertical scale of barrels on the left-hand margin and to the hori- 
zontal scale of months at the bottom of the chart. In column y, the 
number of barrels is listed beginning with May, 1922, as the first month on 
which to base a decline curve. The type of curve used is of the form, y *= 
kr*, or, expressed in logmthms, log y log k x log r, in which log k 
and 1(^ r are constants to be determined so that the curve will most 
closely approximate the production data given. 

* Presented before the Mid-Continent Section, Tulsa, Okla., Apr. 27, 1923. 
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To detemune the best values to be assigiied these constants, the 
work may be tabulated as shown in Hg. 1, in whidi, for convenience, 
log k is represented by b and log r by m, the equation becoming log y = 
true + b. 

Substituting the successive values of x and log y in this equation, 
a series of equations are formed in which m and b are unknowns. Thus, 
writing the unknowns in the first member and log y in the second member, 
the first equation, by substitution, becomes 

b + m = 4.1427 
the second, 6 + 2m = 3.9608 

the third, 6 + 3m = 3.9374 

and so on, one equation being formed for each set of values in x and y. 


(Il 

ondm-logr -U- 
fogtirinxtb 
iftlK 





ah 

I 13^891 4.1427 I 4.1427 \l,m 
Z 9JSI 19G08 4 7.9219 I0l457 

3 39374 9 IL8I22 8,074 

4- ^480 38116 16 IS2464 6234 

5 4.813 36824 25 184120 4^14 

6 3928 3594236 215(52 3717 

7 2;888 3459449 242158 2,870 


8 2,125 33271 64 26(192 ^216 
32266 81 296394 1.711 1 

45 S 360 S 331425 285 1589145 53.636 . . , , 

Ncrmol equations; 
9b+45m«33.l4E5 
45b+28r 


>^5b+285mT 158.97 

rn u) r* o> 


=Ci— m 

1922 1923 

Fiq. 1 . — Pkopbhtt in Busbank fool. 


I I 

17539 - 

15^9745 m»T88Tl=i^ .77215 
I whence Jifn539x .772^ 


From any two of these equations thus formed, 6 and m may be deter- 
mined directly by means of tiie familiar algebraic principles of simultane- 
ous equations; but if different pairs of equations are taken, different 
values for 6 and m will be given in each instance; hence, to obtain values 
that will most nearly satisfy the conditions of all the equations in the 
series, it is necessary to adopt some plan whereby each equation is given 
an equal weight. This is done by multiplying each equation, in turn, by 
the coefficient of b in such equation, and adding all the resulting equations 
together to form a normal equation. Then, in the same manner, each 
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equation is multiplied in turn by the coefficient of tn in such equation and 
the r«niltmg equations added together to form a second normal equation. 

In Fig. 1, under the columns headed hb, bx, and b log y, are to be found 
the resulting coefficients of the series when multiplied by the coefficient 
of b, which is 1 for each equation and does not change the value of the 
original coefficients. The sums of these columns give the coefficients for 
the first normal equation, 96 + 45 m= 33.1425. 


'if(^k+x*logr 


' andm-Kar 
Ihenkgy-b+mx 



4.56763 3T335 
9.003E6 30.483 
13.09383 24887 


bbbg i JJ blogu 

I 36,952 4.56763 I 

I 2 31753 4.50178 4 

I 3 21153 4.36461 9 

4 2q834 4.31877 16 17.27508 2(1319 -f-J 
1 S 17,514 4.24339 25 21.21695 16,589 

L 6 1 3^041 4.11531 56 24.69186 I3!s44 

2fclll49 9[ 89.84891 143.157 

kknTnol equations*. 
6bt21m?26.llt49 
21b-t^lm-89.B489l 
ftotn.whlch, 

b»440l8>lM 45728 


- Years 


\L 1 I 3;041 



Fio. 2 . — Pbopbbtt in Sbc. 33, T. 18N., R. 7E., (Tbxbk Coumtt, Obxa. 


The columns headed bx, x* and x log y, show the resulting coefficients 
when each equation is multiplied by the coefficient of tn, which is the 
value given for x. The sums of these columns give the coefficients for 
tlie second normal equation, 456 + 285m » 158.9745. Solving for 6 
and m in these two equations 

6 = 4.244 « log 17.539 
m = 1.8877 = log 0.77215 

Substituting these values for the constants in the original equation, the 
curve is represented by y = 17.539 X 0.77215*. This curve is shown as a 
dotted line on F^. 1 and approximated the production curve very closely. 

The mathematical proof that it is the most probable curve, of the 
type selected, to represent the given data, will not be given here as this 
is fully treated in a ntunber of excellent works on the method of least 
squares, of whitffi method this is merely an application to a particular type 
of equati<m. 
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Fig. 2 shows the application of the same type of equation to the pro- 
duction of a property in the Cushing Pool, Creek County, Okla., the 
constants being arrived at in the same manner as before. In this 
example the production periods are years instead of months and the 
production has not been reduced to an average per well, as the same 
number of wells were producing throughout that portion of the life of the 
lease considered. If, however, it is desired to express the equation as an 
average per well it is only necessary to divide the constant, 45,728, shown 
in the final equation, by the number of wells actually producing. 


ee^ooo 

24,000 
20 , 000 | 
■5 M 


l?.000f 


, ' y'^kr^ ' I , 
andin=logr. 



Then log y=b+mx 
.bb be 8 

1 2(1567 4.31317 

2 14,575 4.16361 

4 


blqgg xlogg 

1 4.31317 19,198 
4 8327K M,905 
10^990 4.04100 9 12.12300 |I,S72 
8,570 3.93298 16 15.73192 8,985 


5 6,933 3.84105 25 19.20525 6,975 
£ §739 3.7S884 36 22.55304 5.416 


21 S12S 24.05065 91 82.25360 C7.05I 

Normal equations: which gives ' 
6b+2lin»24.05065 b«43ai8*l(» 24728“ 
pib+91m=8225560 m.T8900W<?g .77639 

■ from which, Us24728x0.7764*- 


Fia. 3.- 


Years 

-Propbktt in Sbc. 12, T. 21N., R. 12 E., Toua County, Okla. 


Application to Tulsa County, Okla. 

In applying the same type of equation to a property in Sec. 12, T. 
21N., R. 12E., Tulsa County, Okla., it was found, as shown in Fig. 3, 
that the theoretical curve did not follow the production curve very closely. 
Here clearly an equation of the type y >= kr* does not apply, and a curve 
of the tjrpe y kx” is used. This application is diown in Fig. 4. 
Expressing the equation in the logarithmic form, 

log y log k + n log x, 

in which log k and n are constants to be determined. The method of 
determining these constants is essentially the same as tlmt used 
in the other type of equation, the principal difference being that x must 
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be asfflgned some initial value such that when plotted on logarithmic 
cross-section pt^r the points will approximate a straight line. This was 
actu^y done in this instance by plotting on the logarithmic paper and 
shifting the points to tight or left until such aUgmnent was apparent. 
This gave an initial value of 5 for x, the successive values of x being in 
arithmetic sequence. These values are used in the table shown on Fig. 
4. In this table, u = log y; b = log k; and m = log x. The coefficients 


Years 


_ y=k)?M I 
' iHpgk+nloflX 

andtnslogx, 
Tnenu=tnn+b 



y 

20,657 I 
14,575 I 
ia1»90 I 
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.69897 4.31317 
.77815 4.16361 
.84510 4.04100 
.90309 3.93298 


Com^ukd 


.48856 3.01478 20431 
.60552 3.23991 14,629 J 
.71419 3.41505 11,014 ^ 
81557 3.55183 8,613 


9 6,935 I <95424 S84I05 .91057 3.66528 ^934 
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Normal equations: 




.5J79S51 
4 


£l=22S^coja{3j£ 


n955ns24.05065 
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CJ> o> 


Yea rs 

Fig. 4. — Pbopebtt in Sec. 12, T. 21N., R. 12E., Tulsa County, Okla. 


for the first normal equation are obtained from the sums of the colunms 
headed bb, bm, and bu, which represent a series of equations multiplied 
by the coefficients of the first unknown b, giving the equation Qb -f 
5.17955n = 24.05065. 

The coefficients for the second normal equation are obtained in a 
similar manner from the columns headed bm, m* and mu, which represent 
the same series of equations multiplied by the coefficients of n, giving the 
equation 5.17955b + 4.53441n 20.64569. 

Solving these equations it is found ^t 

b = 5.59818 = log 396,445 
n = -1.84149. 

Substituting these values in the type equation, 

y = 396,445x.-»»««» 
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The curve of this equation is shown as a dotted line on Fig. 4, where it 
appears only in extension of the given production curve, for the reason 
that the computed and the actual values of y are so nearly the same that 
the two curves almost coincide and cannot be plotted except as one curve 
on so small a scale. 

Fig. 5 shows a comparison of the two types of curves as obtained from 
the computations shown on Figs. 3 and 4. From tbiw comparison it is 
easy to see that the curve having the equation y = 396,445®“* or a 
logarithmic curve, is the best curve to use for estimating the future 
production of this property, and is undoubtedly the type of equation 
that would be invariably selected to represent any production decline 
which shows similar characteristics. 

Two Types of Curves Compared 

The examples worked out show that if production decline belongs to 
the percentage-curve type, two engineers estimating the reserves for a 
given property should arrive at exactly the same result by applying the 
mathematical method outlined. But, that the results thus obtained 
will necessarily be nearer the true reserves than those obtained by 
graphic methods, cannot be definitely affirmed^ for innumerable geologic 
and other factors affect the production of an oil well, of which the engineer 
has no knowledge, and over which he has no control. 

For curves of the logarithmic t 3 rpe, two engineers will arrive at the 
same result only if they use the same value of x for a starting point. 
In determining the curve of this type shown in Fig. 4, the equation 
arrived at represents the best curve for the given data so long as x is 
given an integral value. However, if fractional values are taken, such 
as 4.8, 5.8, 6.8, etc., instead of 5, 6, 7, etc., as used, an even closer 
approximation ciuwe may be found to represent the decline. In fact 
the writer computed another equation of the same tsrpe for this property 
using the values for x indicated above, and arrived at an equation, y = 
339,008x“*'*****, which actually satisfies the given conditions a little 
better than the equation computed in Fig. 4. 

This brings up the objection to a mathematical consideration of the 
logarithmic curve that a number of trial computations are necessary to 
arrive at an equation which satisfies the degree of preciaon desired; and 
inasmuch as the labor involved in carrying out the necessary calculations 
is great, in most instances this method is prohibitive. 

The following conclusions may, therefore, be drawn: 

Decline curves may be determined by the method of least squares 
with precision for production that declines at a constant rate or follows 
a percentage curve; hence this method may be used where time permits 
and the best possible curve is desired. 
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For production declines following the logarithmic type of curve, a 
number of trial computations are necessary to determine the best curve 
within the limits of precision assigned; hence it is questionable whether 



or not it is worth while to use the method of least squares in working out 
curves of this type, especially in view of the fact that, with care, almost the 
same result may be arrived at graphically by the use of logarithmic cross- 
section paper. 
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Comparative Study of Well Logs on the Mexia Type of 

Structure 

Bt Fbbsbbic H. Lahbi!,* Ph. D., Dallas, Tmc. 

(New York Meetinc, Febniaiy, 1926) 

The purpose of this paper is to demonstrate the similarity of the 
oil-producing structures in the Mexia^ fault zone, and to show how the 
apparently very irregular well logs in these &elda may be used for the 
practical interpretation of subsurface conditions. 

The Mexia oil field, in Limestone County, Tex. (Fig. 1) is closely 
associated with a fault that trends about 30^ east of north and has a 
displacement of between 200 and 400 ft., with downthrow on the west. 
Minor slips accompany this major fault, some being roughly parallel to 
the main break while others are transverse to it. These faults belong 
to the so-called Mexia fault zone^ a belt of fracturing that has been traced 
in its characteristic features southward to near Kosse, 15 miles south of 
Groesbeck, in southern Limestone Coimty, and northward at least as far 
as the Trinity River at the eastern border of Navarro County, and possibly 
as far north as Hunt and Hopkins counties.^ 

The Balcones fault zone, from 30 to 40 miles west of the Mexia fault 
zone, differs from the latter in that its principal displacement is a down- 
throw on the east. In this respect, it is exactly the opposite of the Mexia 
displacement. Between these two zones of major faulting lies a great 
down-dropped block, or graben, which is broken by numerous 
minor faults. 

Oil Fields Associated with Mexia Fault Zone 

When speaking of oil fields associated with the Mexia fault zone, 
we refer only to those now producing from the Woodbine sand. In this 
category belong the Mexia, Currie, Old Richland or Seay-CranfiU, Powell, 
and New Richland fields, named in the order of their discovery (see Fig. 
1). Subsequent development may prove that the gas found in the Boyd 
Oil Co.’s Connor well, north of Kerens, is coming from another pool in 
the same fault zone. 

* Chief Geologist, Sun Oil Co. 

^ Pronounoed ^‘Meh-he44,’’ the x being sounded as h and the i as ee. 

* F. Julius Fobs and H. M. Robinson: Structural and Stratigraphic Data of the 
Northeast Texas Petroleum Area. Econ. Oeol (1923) 18, 709. 

TOL. ZJDO.— Si 
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The Mexia OH Field* 

In October, 1920, the Humphreys Oil Co., drilling on the Mexia 
anticline, as it was Imown at that time,* under the advice of F. Julius 
Fobs, discovered oil at a depth of approxunately 3000 ft. in the Woodbine 
sand near the base of the Upper Cretaceous system.* The first few 
locations were made with the object of testing this fold. As other wells 
were drilled, it gradually became evident that the oil in the Woodbine 
sand here owed its accumulation not so much to a simple anticline as to a 
major fault with attendant drag. The logs of wells have shown that 
the western edge of the pool is sharply defined where the Woodbine 
sand is cut by the Mexia fault (see Figs. 2 and 3). In some parts of the 
field this fault has a westward dip of 35° or 36° in the formations above 
the Austin chalk, but increasing to 50° or more from the top of the Austin 
chalk downward. Toward the northern and southern ends of the field 
either this fault steepens or it is intersected by other steeply dipping 
faults. The details of the structure at the two ends of the Mexia pool 
have not been thoroughly investigated by the writer. 

The relationship between accumulation and faulting at Mexia has 
been clearly established by subsequent development. The largest 
gushers were not far from the line where the pay sand is cut by the fault. 
In many instances, the western offset to a big well was found to be a dry 
hole if it happened to be drilled across this line. Eastward, the average 
flush production of the wells diminished to the eastern margin of the 
pool. The oil in the Mexia field is between 35° and 36.5° B5. at 60° F. 

The maximum structural relief of the producing part of the Mexia 
structure is about 150 ft. Edge water was found between 2540 and 2550 
ft. below sea level. 

The Currie Oil Field 

Structural conditions in the Currie field have been described elsewhere 
by the writer.* In brief, the production, which is contained in certain 
sands of the Woodbine formation at a depth of about 2950 ft., is banked 
up against a fault of the Mexia type, with a westward dip of between 
45° and 60°, a strike about 20° east of north, and a displacement of 250 ft. 
or more, with downthrow on the west (Figs. 4 and 5). The discovery 

' W. E. Pratt and F. H. Lahee: Faulting and Petroleum Accumulation at Mexia, 
Texas. BvU. Amer. Assn. Pet. GeoL (1923) 7, 226. 

* Mapped by George C. Matson on the shallow gas sand. See U. S. Geol. Surv. 
Bull. 629 (1916). 

* The formations encountered in this general area, going downward, are: Midway 
(Eocene), up to 600 ft. or more; Navarro-Taylor shale and marl formation, 2000 to 2200 
ft.; Austin chalk, 385 to 475 ft.; Eagle Ford shale, 210 to 425 ft.; and Woodbine 
formation, induding chiefly sandstones and sandy shales, 300 to 400 ft. 

' The Currie Field, Navarro Coimty, Texas. Bull. Amer. Assn. Pet. Geol. (1923) 
7,25. 
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Fig. 1. — DiSTRiBunoN of oil fields in Mexia fault zone; lettered and 

NUBIBEBED POINTS INDICATEA PPROXIMATE LOCATIONS OF THE WELLS OF WlfiCH LOGS 
ARE SHOWN IN FiGS. 9 TO 13. 
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Fia. 2.— Sketch map of Mbzu on. field, BHOwnra lime AB of beotiom 
DBAVM n Fio. 3; thib map wab fbaoed fbom a map FXmNIBBED BY THE Tnia 
FBODDOnra DlFUlOM OF THE PoBB OlL Co. •*•»»*■ 
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well, known as Meador 1, was drilled by the Humphreys-Mexia Oil Co., 
in the fall of 1921, the location having been made by Mr. Fobs and his 
geological staff. As in the case of Mexia, this well was located on an 
anticline, but Hie fold is relatively small and poorly exposed. The prox- 
imity and relations of the big fault were not known until drilling revealed 



Fig. 4. — Sketch map of the Cchbie on, field, showing line AB of section 
OF Fig. 5; traced from hap furnished bt Texas Producing Division of the 
Pure On, Co. 

the deep subsurface conditions. The oil is about 41° or 42° B4. at 60° F. 
The uuft-gimiiin structural relief of the producing part of the structure is 
about 50 or 60 ft. Edge water was found at a depth of about 2540 ft. 
below sea level. 

The Seay-CranfiU Gas and OU Field 
The extent of the Seay-Cranfill, or Old Richland, field has not been 
determined. The discovery well, estimated to have yielded a flush of 
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over 50,000,000 cu. ft. of gas per day, was completed in January, 1922. 
It was drilled at a point where, as in the case of the Meador 1 at Currie, 
there seemed to be indications of a small anticlinal fold. This locar 
tion was selected by D. J. Edson, of the Humble Oil Co. Subsequent 
drilling disclosed that this small fold is associated with a fault simi- 



Fia. 5 . — ^Vbbticai. shction acboss Cubrie field. See Fig. 4 fob location 
OF wells: fob legend, see Fig. 9. True average dip of fault here would be 

ABOUT 41 , IF VERTICAL SCALE WERE NOT EXAGGERATED. SeE FiGS. 3 AND 7. ThB 
LOGS SHOWN are: 1, HUMPHREYS OiL Co.’s Gabrett 1; 2, ibid., Garrett 2; 3, ibid., 
English 1; 4, ibid.. Cole 1; 5, ibid.. Cole 4; 6, ibid., Cole 2; 7, ibid.. Means 1;8, 
McCabe el at., Stubbs 1. 

lar to the Currie fault. The displacement here is 250 ft. or more.^ 
Production, consisting of both gas and oil (40® to 41® B4. at 60® F.) as at 
Currie, comes from the Woodbine sand at depths between 29S0 and 
3000 ft. 

The Powell Oil Field 

The PoweU field, remarkable for the rapidity with which it was 
developed and for the huge daily yield when its production was at the 

’ Reoently proved to be fully 400 ft. in the Sun Oil Co.’s gas well on the Swink 
lease, about 2000 ft. south of the original production. 
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Fia. 6 .-^x^h map op Powsll oil pibld, showing linn AB op ‘sbgtion 
DRAW IN Kg. 7 1 TRACXD PROM HAP PITRNISHXD BT TbIXAB PRODUCING DIVISION OP 
TBB Purr Oil Co. 
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peak,* is bounded on the west by a fault of the Mexia type with a 
displacement of at least 400 or 600 ft. (Figs. 6 and 7). Production in 
the Woodbine formation is obtained from depths between 2800 and 2900 
ft. The oil has a gravity of about 36° B6. The maximum structural 
relief of the productive part of the structure is about 150 ft., decreasing 


jt/MJin Or GmooMO 


hHl 


* Over 350|000 bbL per day in the third week of November, 1923. 
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pronounced anticline that was mapped by Matson and Hopkins on the 
shallow oil-bearing sand of the Burke Pool.* Again, the association of 
this fold with a major fault of the Mexia tsrpe was not proved xmtil after 
several holes had been drilled. Because the Burke discovery well was 
down a little from, and southwest of, the top of the anticline in the shal- 
low oil sand, the concensus of opinion at first was that the field would 
extend northeast. However, from the logs of a few dry holes drilled to 
the southwest, several geologists decided that a major fault passed some- 
where near the town of Navarro, and checkerboard protection acreage 
was purchased accordin^y. Finding the Woodbine pay sand unex- 
pectedly high in wells drilled southwest of the Burke production soon 
caused an intensive leasing campaign in this direction and, eventually, 
the development of the pool southwestward as far as the town of Navarro. 

The New Richland Oil Field 

The discovery well in the New Richland field was completed in 
December, 1923, by McDonald Bros, on the A. N. Brown land. By 
drilling, this latest pool in Navarro County has been shown to be attached 
to a great fault of the Mexia type with a dip of 55® or 60® toward the west, 
and with a downthrow on the west amounting to 500 ft. or more. Pro- 
duction in this field is’ obtained from the Woodbine sand at depths 
between 2900 and 2960 ft. The oil is about 38.5® B5. at 60® F. The 
maximum structural relief of the producing part of the structure is be- 
tween 30 and 50 ft. Edge water was first found between 2610 and 2615 
ft. below sea level. 

Importance of Mexia Type of Structure 

In reviewing the general cl^acters of these oil fields, one is impressed 
by the peculiar, yet definite, structural conditions that attend the petro- 
leum reservoirs, and also by the close resemblance of these conditions in 
all the pools within the Mexia zone. Although, before the Mexia field 
was developed, the Mexia type of structure — a strike fault with upthrow 
on the side toward the regional dip of the strata — was regarded by geol- 
ogists as possibly favorable to oQ accumxilation, its great economic 
importance in the Mid-Continent region was not fully appreciated imtil 
within the last three years. During these years, much time and money 
have been spent in seeking similar faults, but, outside of the Mexia fault 
zone as just described, the only fields recently developed that seem to be 
associate witli the same kind of displacement ate the Ruling field of 

* George C. Matson and Oliver B. Hopkins: The Gonrioana Oil and Gas field, 
Texas. U. 8. GeoL Sorv. BtiU. 061 (1917) 211. 
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Caldwell and Guadalupe Counties,*** and the chain of pools in theMirando 
district of Webb County, Tex.** 

Dimensiom of Pools of Mexia Type 
It is characteristic of pools of the Mexia type that they are relatively 
long and narrow. This is because the oil has accumulated along and close 
to the fault. The dimensions of the pools to which we have referred are 
as follows: 

Lbngth along Maximum 


Namb or Pool Fault, Milbs Wi]>th 

Mexia 7 miles 

Currie 2 2^ feet 

PoweU 7H 4000 feet 

Luling 7H 4000 feet 

Mirando group At least 25 5000 feet 


Luling and the Mirando group have been included for comparison. 
The Old and New Richland fields are omitted because their limits have 
not been sufficiently determined. 

Poor Exposure of Major Faults at Earth's SurfcLce 
In spite of the large displacement of the major faults that have 
controlled the accumulation of oil and gas in the pools of the Mexia fault 
zone, these faults are seldom clearly exposed at the surface of the ground. 
At Mexia, the displacement is indicated along part of its extent by the 
rather abrupt westward termination of outcrops of the Midway limestone 
along a fairly straight line, by steep westward dips of this limestone along 
its western edge, and by occasional indications of slickensiding. North 
of the Mexia field, another fault may be readily located near Tehuacana 
creek. In a few scattered outcrops, northward m the zone, steep or 
irregular dips suggest faulting. With these few exceptions, however, the 
actual position of the surface trace of each of these big faults is very 
obscure. In the early days of the development, when dips and strikes 
were sought in actual rock outcrops and field work was carried 
forward rapidly, evidences of faulting that have since been found were 
almost if not quite overlooked. We now know that a careful study of the 
Midway stratigraphic section reveals several members that can be 
recognized and traced for miles along their strike. In many places 

W. E. Pratt: Oil at Luling, Caldwell County, Texas. BvU. Amer. Assn. Pet. 
Geol. (1923) 7, 182. The discovery well of the Luling field, drilled by the United 
North & South Oil Co., was located on the recommendation of Vernon Woolsey, 
geologist, who found the controlling fault and mapped the structure. 

Production at Luling is from the Georgetown, or upper part of the Edwards 
limestone, of Lower Cretaceous age, reached at depths near 2150 ft; production 
at Mirando is found principally in the Cook Mountain formation of Tertiary Age, 
at depths of 15(X) to 2000 ft. 

This fault is associated with the Wortham pool, discovered late in November, 
1924, through the work of the geological department of the Boyd Oil Co. 
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fonnerly regarded as “soil covered,” a repetition of these Midway mem- 
bers can be found, thus indicating, within a hundred feet (though more 
often, within several hundred feet), the approximate position of the 
big faults. 

An interesting fact brought out in the study of these faults is that 
their displacement is less in the Tertiary than in the Cretaceous strata. 
In some cases, where the Austin chalk has been downthrown 400 or 
500 ft., the same fault has displaced the overlying Midway apparently 
not over 100 or 150 ft. Some geologists have attributed this feature to a 
gradual lessening of the displacement upward through the relatively soft 
Taylor and Navarro formations above the Austin; but while this may 
account for some of the decrease, the principal explanation is that there 
was some movement on these faults before the Midway was deposited and 
the displacement of the Tertiary beds was due to further slipping on pre- 
existing buried fracture surfaces.** There is a possibility, not yet demon- 
strated as far as we know, that the post-Midway movement in these deep 
fractures, which cut the Cretaceous and older rocks, was distributed 
through the Tertiary beds in several faults, focusing, as it were, at the 
pre-Midway trace of the old faults. 

Intebpbetation of Subsubface Conditions 
Practical^ Importance of Subsurface Study 

In oil-producing territory where surface exposures are poor, as in the 
Mexia fault zone, the study of subsurface conditions by means of well 
logs becomes of prime importance. It is true that some well logs are so 
poor that they are useless and that others are difficult to interpret; and 
for this reason some so-called “practical oil men” are inclined to cast 
afflde all logs as of no value. This perhaps has been especially true of the 
Mexia fault zone records, which have differed so greatly and apparently 
without reason. The blaiDe was at first placed on the driller (whom we 
admit is often too careless in keeping the records of the formations he 
penetrates), but too much undue criticism has been placed on the logs of 
wells in these pools. These logs vary, of course, but most of them can 
be interpreted within a limit of error that is small in comparison with the 
practical facts determinable in their correlation. In the fields of the 
Mexia fault zone, the value of intensive study of the well records is great. 

Comparison of Logs of Different FiMs 

As already stated, the main controlling fault in each of the fields in the 
Mexia fault zone strikes from 20° to 30° east of north, nearly parallel to the 
r^onal strike of the beds; they dip usually at angles between 45° and 65° 
toward the west and have the downthrow on the side up the regional dip of 

The Midway rests disoonfonnsbly upon the Cretaceous in this part of Texas, 
the surface on which the Midway beds were laid down having been markedly irregular. 
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the strata; th^ therefore are accompanied by drag downward toward 
the west in the eastern or upthrown block. In every instance, the oil 
has accumulated against the fault in the upthrown block. 

These conditions are diagrammatically shown in Fig. 8. The lettered 
vertical lines represent wells corresponding to the logs shown in Figs. 9 to 
13. In these figures, like logs have been selected from the Mexia, Currie 
and Powell districts, and have been placed together for easy comparison. 
Logs of the same types could have been chosen from the Richland Field. 



’ Fio. 8 . — Diagram showing general conditions attending vaxh/t stbttctures 
or Mexia type. Vertical lines represent relative positions of wells like 
THOSE RECORDED IN FlOS. 9 TO 13. LoOS OF FlO. 9 CORRESPOND TO THE WELLS E IN 

Fig. 8, those in Fig. 10 correspond to D in Fig. 8, etc. To emphasize relations 

OF THESE WELLS TO STRUCTURE, FAULT IS SHOWN WITH A UNIFORM DIP OF 60* AND 
THE FAULT TRACE ON THE SURFACE AS A STRAIGHT LINE. FRONT FACE OF BLOCK 
IS A CROSS-SECTION DRAWN TO NATURAL SCALE. 

In Fig. 9 are four logs that display normal relations in the Austin chalk 
and Eagle Ford shale. The locations of these wells are indicated in Fig. 1. 
Well E4 was drilled far down the regional dip and therefore encountered 
the formations deeper than in the other three cases. All these wells are 
situated east of the point where the fault cuts the top of the Austin chalk. 
Those which are near this point might correspond to the positions marked 
E in Fig. 8. 

In Fig. 10, in logs Dl, D2, and 2)3, the Austin chalk has a reduced 
thickness, but the Ea^e Ford has normal thickness; this is because the 
fault has out out some of the chalk. Records of this kind would be 
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Fia. 9 , — ^Logs showing appboximatelt nobmal belations op Austin chalk, 
Eagub Fobd shale, and uppeb Woodbine fobmation. Thickness op the chalk 
VABIES PBOM 400 TO 475 PT.; AND THAT OP THE EaQLE FoBD PBOM 300 TO 400 PT. 
Tm LOGS ABB COBBELATED ON THE BASE OP THE CHALK. ThB WELLS ABB: Fi, 

Woodbine Oil Co.'s Maniong U E 2 , Humphbbts Oil Co.'s M. Bounds 3; F3, 
Sun Oil Co.^s Kent 4; and F4, Hitmphbbts Oil Co.'s Singleton 1. 



TBEDEBIC H. LAHEE 


1343 



Fig. 10. • Fig. 11. 

Fig. 10.— Logs showing Austin chalk with reduced thickness (here 250 to 325 
FT.) BUT Eagle Ford shale of normal thickness (375 to 425 ft.). Log E2 is shown 

FOR COMPARISON. It IS THE SAME AS E2 IN FiG. 9. ThE LOGS ARE OF THE FOLLOWING 

wells: Z>1, Atlantic Oil 4c Refining Co.’s Roller 4: D2, Gulf Production 
Co.’s R. V. Bounds 1; and 03. Humble Oil k Refining Co.’s Ramsey 13-B. 

Fig. 11. — ^Logs showing Austin chalk and Eagle Ford shale, both with 

REDUCED THICKNESS. ThB CHALK IS HERE FROM 280 TO 300 FT. THICK AND THE 
SHALE IS FROM 180 TO 230 FT. THICK. LoG E2 IS INSERTED FOB COMPAMXBOK, TbE 

WELLS are: Cl, Homa Okla Oil Co.’s McGaw 6; C2, Humphreys Oil Co.'s Meador 
5; AND C3, Humphreys k King’s Springfield 1. 
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Pig. Fig. 18. 
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obtained from the point where the fault intersects the top of the chalk on 
the upthrown nde to the point where it cuts the base of the chalk on the 
upthrown side. If the throw of the fault (vertical component of the dis- 
placement) is as great as or greater than the thickness of the chalk, the 
top of the chalk in logs of type D coincides with the fault surface; but if 
the throw is less than this amount, the top of the chalk is the fault surface 
only down to the point where the fault cuts the chalk top in the 
downthrown block. In log correlations, this fact must be recognized 
when making estimates of the dip of the fault. 

In Fig. 11, logs Cl, C2, and C3 show both the Austin chalk and the 
Eagle Ford shale with less than normal thickness (a normal log E2 is 
inserted for comparison). This condition may be explained by reference 
to C, Fig. 8. Anywhere between the point where the fault intersects the 
base of the chalk on the upthrown mde and the point where it intersects 
the base of the chalk on the downthrown side, logs of t3rpe C would be 
obtained. The base of the chalk here coincides with the fault surface. 
If the hole were drilled between T and V, Fig. 8, the fault might pass 
through some point in the chalk, as logged, yet the log would look essen- 
tially like C, Fig. 11; if the throw of the fault were greater than the thick- 
ness of the chalk, a well might encounter no chalk in the region of C, 
Fig. 8. 

In Fig. 12, the B logs all have Austin chalk of normal thickness, but 
the Eagle Ford is thinner than normal (see log E2), This condition 
corresponds to £ in Fig. 8. The fault must be very near the top of the 
Woodbine sand in a well of type B. If the fault had a throw greater than 
the thickness of the Eagle Ford, a well at B might pass directly from the 
Austin chalk into the Woodbine, with no intervening Eagle Ford shale. 

At X, Fig. 8, a well might not encounter the upper part of the Wood- 
bine; it might pass from the Eagle Ford shale into the lower portion of the 
Woodbine sand or, if the throw of the fault were sufficiently great, it 
might entirely miss the Woodbine formation. 

Fio. 12. — Loos SHOwiNa Austin chauk or nobhal thickness (375 to 430 ft.) 
BUT Eaglb Ford Shale or vert much reduced thickness (140 to 150 rr.). Wells 

WITH RECORDS OF THIS TYPE ARE USUALLY CLOSE TO THE EDGE OF THE POOL (SEE 

B, Fio. 8). Fob comparison the normal loo E2 is given. The wells repre- 
sented are: B1, Gulf Production Co.'s Hughes 1; B2, BiunHERs On. Co.’s 
R. V. Bounds 1: Humphreys Oil Co.’s Meador 6; and B4, Humble On. & 

Refinino Co.’s Ramsey 14-B. 

Fig. 13. — Loos of wells drilled west of the fault that limits production. 
These loos are essentiallt normal, but the formations are found much lower 
than in the wells recorded in Fig. 9. The only exception is A6, a well drillbo 

SEVERAL MILES WEST OF THE MeXIA FAULT ZONE. ThB AuSTIN CHALK THICKNESS, AS 
HEBE SHOWN, VARIES FROM 440 TO 475 FEET (A4 IS PBOBABLT INCORRECTLY LOGGED AT 
THE TOP OP THE CHALK) AND THE EaOLE FoRD SHALE THICKNESS VARIES FROM 400 TO 
640 FT. The latter grows thicker toward the north. The holes here logged 
ABB Al, Humble On. & Refinino Co.’s Nussbaum 1; A2, Humble On. & Refinino 
C o.’s Aj>ams 1; A3, Humphreys On. Co.’s Price 1; A4, J. E. Hughes’ Burke 1; 
AS, Wilson Estate’s Dodwell 1 ; and A6, Magnolia Production Co.’s Cebnoch 1. 

VOL VXXl . — 88 
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In Fig. 13, are logs of several holes drilled in the downthrown block 
west of the main Mexia fault zone. The first five wells, A1 to ^5, are not 
far west of the fault, and therefore show the formations low. Well ^16 
was drilled in northern Kaufman County, north of Terrell, several miles 
up the regional dip of the strata. The log is given merely for comparison. 
All these logs record the formations of normal thickness; they are very 
much like those in Fig. 9. 

An inspection of the logs in Figs. 9 to 13 shows (1) that in each of the 
fields records of very similar character are obtained from wells drilled in 
analogoiis positions relative to the fault, and (2) that the logs of wells 
drilled along lines transverse to the direction of the fault may be very 
dissimilar and still be essentially correct. 

Practical Application of Well Records 

The following suggestions are made in reference to holes drilled within 
or near the Mexia fault zone. 

1. Suppose that the approximate general trend of the fault zone is 
known and that a hole is drilled somewhat east of this trend. The log 
records Austin chalk of normal thickness and distinctly low as compared 
with the expected depth (see Fig. 9). This hole probably lies a consider- 
able distance east of the' fault and possibly east of any oil pool that may 
be associated with the fault. 

2. A hole that is being drilled supposedly in the trend but with the 
possibility of being west of it does not encounter the Austin chalk until 
it has reached a surprisingly great depth (see Fig. 13). Often the drillers 
of wells like this one report high chalk, but as the bole is deepened, this 
chalk proves to be interrupted by shale breaks and about where the drill 
should go out of true Austin chalk, it enters the typical chalk and con- 
tinues in this for 400 ft. more or less, as in the case of well A4, Fig. 13. This 
“high chalk,” or Taylor “chalk” is much like the true Austin chalk.and 
has deceived the drillers in many holes that eventually turned out to be 
dry. Great care should be exercised in guarding against this error. The 
same mistake was made in the case of many holes drilled far east of the 
Mexia fault zone, where the Taylor chalk, 800 or 900 ft. above, was 
thought to be Austin. 

3. Suppose that, on a certain property, a well has been obtained 
producing from the Woodbine sand and that the log shows the Austin 
chalk and the Ea^e Ford shale of normal thickness and at about the 
depth where they should be in a well several hundred feet east of the 
fault. On the assumption that the fault has its usual characteristics, the 
proper procedure in developii^ the property would be to drill the next 
location westward (either west, southwest, or northwest, in this region). 
If this second test revealed normal stratigraphic conditions, the next 
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well should be drilled again to the west; and this procedure should be fol- 
lowed either to the western boundary of the lease or until the last hole 
drilled shows relatively thin chalk. With the log as a basis for calcula- 
tions, whether the next location west of this thin chalk well could be safely 
drilled may be estimated, assuming that the fault has a maximum dip. 

The method is illustrated in Fig. 14. Here ab is the Austin chalk 
in the last well drilled (ATI), be is the Eagle Ford shale, and cd is the 
producing zone in the Woodbine formation. The record (in the illustra- 
tion) starts at 1700 ft. below sea level. The figiure (except for width of 
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Fig. 14. — Gkaphic mxthod op determining position of next well to be 

DRILLED IN RELATION TO FAULT. 

Fig. 15. — Similar to Fig. 14. 


logs) is drawn to true scale, vertical and horizontal. The Austin is 
only 350 ft. thick, but the Eagle Ford shale has normal thiolrmwaf , xhe 
fault cuts the top of the Austin chalk (see D, Fig. 8). Therefore, from a 
draw a line ae to represent the fault, making an angle of 65° with ^e hori- 
zontal, which would probably be its maximum dip. At 300 ft. to the west 
of iVl draw N2 to represent the position of the next hole that would be 
drilled, going westward. If the fault line ae cuts N2 above the prob- 
able position of the Woodbine pay zone et, the drilling of this well N2 is 
fairly safe. 

Suppose that well ^^2 is drilled and that its log shows very thin and 
rather low chalk. To determine whether another location to the west 
could be drilled, construct a v^cal cross-section (Fig. 15) with the 1<^ 
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of wells N1 and N2 plotted correctly to scale. From a (the same as a in 
Fig. 14), draw ah and ai and produce these lines to g and /, respectively. 
These lines mark the limits within which the fault must lie, if it is essen- 
tially straight in cross-section. We cannot tell whether it cuts the chalk 
in well N2 at A or at i or between h and t. Draw N3 to represent a weD at 
the next location westward, here 300 ft. from N2. The fault line of 


^/P Ai^Gie OP PAOLTPS PSr/MATPO ^ SPCT/ON 

/yor ppppp/yp/ci/iAP ro rpp/vo op faul r 



Fig. 16. — Curves for determining true dip from dip components measured 
IN sections not perpendicular, to strike. Suppose that a row of wells makes 

AN ANGLE OF 50® WITH APPROXIMATE TREND OF FAULT AND THAT LOGS OF THESE 
WELLS INDICATE THAT, WITHIN PLANE OF WELLS, THB FAULT DIPS BETWEEN 40® AND 
45® WEST. To FIND APPROXIMATE TRUE DIP OF FAULT! AT TOP OP DIAGRAM FIND 40®, 
AND FROM THIS POINT FOLLOW DOWN THB CURVE TO ITS INTERSECTION WITH HORIZONTAL 
LINE MARKED 50®. ThIS CURVE CUTS THB 50® LINE ABOUT MIDWAY BETWEEN VERTICAL 
UNE FOR 45® AND VERTICAL LINE FOR 50®, THUS INDICATING A TRUE DIP OF 47® OR 48®. 
Results will be only approximate since dips measured in section are not 

ACCURATE. 

would cut the Woodbine pay zone some distance east of location NZ, and 
fault line ag would cut this pay zone practically in JV3. In the first case, 
NZ would probably be a dry hole in this pay zone, and in the second case 
NZ might be dry, or it might be a well in the drag of the pay zone, essen* 
tially in the fault. In either case it might run into water under strong 
pressure, ar feature not uncommon in the fault zone. Location NZ would 
ther^ore best be left undrilled until possibly later development showed 
tliat the drag zone was productive in the particular district or that deeper 
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drilling might penetrate a productive zone below that represenlied 
in Figs. 14 and 15 and still east of the fault. 

By graphic calculations of this kind, important recommendations have 
been made either for or against the drilling of offset wells, as the case may 
be. There is, of course, always a danger of taking the logs too literally. 
They must be studied with the fact clearly in mind that even those which 
are most carefully recorded may be incorrect within certain limits of 
error. Consequently, in correlating, allowance for such errors should 
always be made on the conservative side. This was the reason for using, 
in Fig. 14, the maximum probable dip of the fault 65°. The drilling of 
N2, however, demonstrated that the fault dipped not more steeply than 
56° and not less than 51° (see Fig. 15). 

The dip of the fault is at right angles to the strike of the fault. If the 
row of wells, such as that considered in the section just described (Fip. 14 
and 15) is at right angles to the strike or average trend of the fault, the dip 
of this fault as shown in the section is virtually correct; but if thk row of 
wells is oblique to the fault trend, the inclination of the fault is less in the 
diagram, as plotted from well log to well log, than the true dip. Fig. 16 
may be used for estimating roughly the true dip of the fault in cases of the 
latter type. 


DISCUSSION 

W. A. I. M. VAN Watebschoot van deb Gbacht, Ponca City, Okla. 
(written discussion). — Since this paper was written, a new oilfield has 
been developed at Wortham, which fills a gap in the string of pools from 
Mexia to Powell; it is of exactly the same t3T)e and entirely corroborates 
the views expressed in th» paper. 

Has the author data at his disposal proving that displacement along 
these faults is less in the Tertiary than in the Cretaceous, as he states on 
p. 1340? I have always suspected this possibility, but have never been 
able to obtain .proof; the data at my disposal seem to indicate that dis- 
placement in the basal Tertiary is not appreciably smaller than in the 
Austin chalk and, probably, in the Woodbine. 

Apparently the long string of Echelon faults, from Mexia to Powell, 
and probably beyond, is caused by a single large fault in the deeper base- 
ment, which, in 'addition to a vertical displacement, also caused a con- 
siderable lateral slip; the eastern part of the block, in all probability, has 
moved to the north. The movement is probably largely of Laramie age, 
and is part of a large adjustment that occurred all over the North Ameri- 
can continental block during that period. 

The correct tracing of the echelon faults in the'Cretaceous and Terti- 
arj' blanket is difiEicult, because exposures are few and far between. In 
consequence it is practically true, as the author states, that only an accu- 
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rate study of numerous well logs can disclose these structures; and, as 
more wells are drilled and better logs are kept, our knowledge will gradu- 
ally become mdended. It is not al^ys necessary to drill deep wells 
but, in many instances, conditions can be revealed by shallow wells 
drilled to some characteristic key rock, either in the lower Tertiary or the 
Cretaceous. This is beii^ done by several companies in this territory. 

It is now known that south of Mexia the same structural conditions 
continue all along the rim of the Coastal Plain, against the plateau of 
Central Texas. Here, however, the Woodbine sand is no longer 
developed; these sand conditions play out south of the Mexia field, and 
whatever production is encountered along such faults farther south, as 
principally is the case at Luling, is obtained from porous streaks in the 
Edwards limestone. Generally speaking, this is the beginning of the 
great mass of limestones that develops, ever more prominently, toward 
the south and is known in Mexico as the Tamasopa; as is well known, it is 
porous and highly productive in its upper horizons. 

North of Powell, more or less similar structural conditions are bound 
to extend farther to the north; in fact, the logs of a great number of wells 
prove that such is the case. So far, however, no new oilfields have been 
discovered in this direction; the well logs, as well as other geological data, 
rather seem to indicate.that conditions to the north are less comparatively 
simple than in the zone between Mexia and Powell. Apparently, the 
faults become much more numerous while their individual displacement 
becomes smaller, although their abrogate amount of throw remains more 
or less of the same magnitude as the displacement that is concentrated in 
one single fault zone farther south. In consequence, conditions become 
very complex farther to the north and it remains yet to be proved whether 
the smaller amount of displacement, so far established, will suffice to create 
sufficient accumulation of petroleum in favorable locations along such 
minor faults. It would seem probable, however, that this should be 
rile case and that other discoveries of oilfields will be made north of 
Powell, although possibly not of the same importance. A great number 
of wells have been drilled already in this region though apparently not 
at the right location. However they prove that, generally speaking, 
sand conditions remain favorable in the Woodbine horizon. 

Accurate study of well logs, along the lines indicated in the paper, will 
be the only means of finally locating the right spots where production 
might occur, possibly combined with observations obtained from shallow 
wells. The author has shown how this territory will have to be worked 
and has proved that the general idea of the laymen-H;hat the chalk must 
be encountered high in order to have any ctumce for production below — 
is by no means a certain indication for every locality. 
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Exploration for Petroleum in the Limagne, France 

Bt a. Webentels, Basle, Switzeblano 

(New York Meeting, February, 1926 ) 

No PETROLEUM, in commercial quantities, is foimd in France except 
the small production of the Pechelbronn field (Pig. 1) in Alsace, which 
produced 75,000 tons in 1923; therefore the test of the petroleum 



prospects of the Limagne is most interesting. Under the superintendence 
of M. Termier, chief engineer of the Plrench mines, a well near Crouelle 
(Pig. 2) was d^ed in 1921 to a depth of 856.3 m. (2808 ft.); at different 
depths favorable showings were encountered. The well, however, was 
abandoned because of drilling difficulties. A second one is now being 
drilled near the same place. 
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Hie present paper is the result of the writer’s visit to the region in 
June, 1924, in a party from the Geological Institute of the University of 
Basle under the direction of Prof. Max Reinhard. The writer regrets 
being unable to enter as fully into a geological and technical discussion 
as mig^t be desirable, because of his inability to consult the required 
references and the scarcity of bibliographic notes. 

The Limagne consists of the upper part of the vaUey of the Allier in 
the department Puy de D6me (Auvergne). This valley forms a flat 
lowland, a graben with an even floor about 45 km. (27.9 mi.) wide, 
between the two upthrown blocks of the “Chaine des Puy” to the west 
and the "Monts du Fores” to the east. These two walls belong to the 
crystalline complex of the Central Plateau of France (Fig. 1), while the 
graben is form^ by Tertiary beds. The two main fault lines bounding 
the Limagne, as well as the minor faults paralleling them in the interior 
of the valley, are marked by numerous volcanoes built up at different 
periods from Oligocene to Pleistocene. Some of these volcanoes consist 
of cinder cones sufficiently recent to have a crater at their summit; 
others have been destroyed by denudation and reduced to necks. The 
majority rise only a few meters above the surrounding flat ground of the 
valley; the highest (Puy de Crouelle), however, reaches fully 80 m. (262 
ft.). The extruded igneous rocks consist of basalt, which is often con- 
nected with a neck breccia called "p6p4rite,” which consists of a 
matrix of basalt and metamorphosed fragments of the same rock and of 
granite, quartz, marl, and bituminous limestone. Often this breccia is 
quite well stratifled and, in some places, there is evidence of interstratifi- 
cation of the p4p4rite with layers of metamorphosed Oligocene, which is 
perhaps caused by intrusion into unconsolidated rocks. However, in 
generd, it seems that the process of intrusion was accompanied by the 
brecdation of the consolidated country rock, and that tUs brecciation 
was followed by a second ini^on of the shattered zone by basalt. In 
many places tins breccia is yielding bitumen from fissures and fractures. 

STBATIGBA.FHT 

The formations that outcrop in the limagne fall under three divisions: 
volcanic rocks. Tertiary, and Quaternary sediments (see Fig. 2). No 
special attention is paid to the igneous rocks here. They are treated 
only as far as their occurrence enlightens the structural features of 
the region. 

Hie main part of the Tertiary beds of the Limagne belonp to the 
OUgocene, of which the log of the CroueUe well (Fig. 3) gives a tsrpical 
stratigrapluc section; only the deepest sediments of the Sanoitien (Lower 
OUgocene) are missing in this section. Nw the margin of the basin the 
Sandsien consuls of sandy clay and arkose; whether the same sediments 
perast to the interior of the valley is not probable. The lowest deporits 
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known there consist of shale, day, and interbedded bituminous limestone 
(Fig. 3). Only one layer of sand about 0.40 m. (16 in.) thick was found 
at Crouelle, while at other places thin layers of sandstone beds barren 
of bitumen are exposed within the same zone of Lower Oligooene. The 
total thickness of this lagoon deposit is unknown, but is estimated at 
several hundred meters in the center of the basin. 



Fig. 2. — Geological hap of the Liuagne, atteb Ph. Glangeaud. 

The Stampian (Middle Oligocene) consists of green, gray, uid dark 
colored marls and limestone, with some shale, day and little sandstone 
in it. In die whole series, fossils of brackish and fresh-water organisms 
are abundant. In the lower zone, anhydrite and some gypsum are inter- 
bedded. No real oil-bearing bed is found but bituminous limestone yidd- 
ing some oil is encountered at different depths. 

These near-shore and lagoon deposits of Middle Oligocene age are 
overlain, in some places, by very siinilar sediments of the Upper Oligo- 
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oene (Aquitanien), but no bituminous layers are interstratified in 
this series. 
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The Oligocene sediments are over 1500 m. (4900 ft.) thick; their strati- 
gra{due sequence indicates a general gradual regression of the sea until 
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the end of Oligooene age, when the limagne merged finally and the 
marine sedimentation stopped. After the Miocene and Pliocene, only 
fluviatile deposits of sands and gravels are known, and in many places 
these are overiain by basalt fiows or volcanic ash.- 

Structobb 

As described, the trough fault of the Limagne forms the major 
structural feature of the region. The two main bounding fault cliffs are 
accompanied by many parallel fractures in the interior of the basin, where 
the faidt blocks are already worn down to a peneplain. These minor 
structural features could provide favorable conditions for possible oil 
accumulation and retention, but it seems that all these blocks are quite 
unlevel, even a gentle dipping of the beds within reach of the bituminous 
layers evidently does not exist and therefore the hope of reaching a reser- 
voir sealed by a fault plane is very smaU. Other minor uplifts, such as 
folds, do not occur; however, the existence of a slight updoming of the 
Oligocene beds around these basalt necks mentioned is not impossible, 
but even if this intrusion did not cause any doming of the sediments, 
there will be a disturbed and shattered zone of rocks around these vol- 
canic necks, where petroleum could accumulate in the fissures and open- 
ings of the basalt breccia and sediments. These^basalt intrusions are, 
therefore, the only places that deserve consideration with regard to oil 
accumulation in commercial quantities. 

PETROLETni 

The surface indications of petroleum in the Limagne are limited to 
an area to the east of Clermont-Ferrand about 10 km. to the north and 
south of its latitude (Fig. 2). All the seeps are connected with the vol- 
canic necks, where the bitumen is derived from basalt or the volcanic 
breccia called p6p4rite mentioned above. A typical seepage is exposed 
near Malintrat (Fig. 2); where two of these necks occur, each of which 
rises about 5 to 6 m. (16 to 19 ft.) above the level ground of the Limagne 
and th^ir diameters vary between 50 and 60 m. (164 and 197 ft.). A black 
semiliquid bitumen issues from fissures of the p4p4rite. By inspissation 
small deposits of asphalt are formed, which were locally exploited. Some 
of the fractures in the volcanic breccia are sealed by an asphalt breccia, 
where in a matrix of solid bituminous matter angular fragments of vol- 
canic and sedimentary rocks occur. In some places, pebbles of opal are 
found in this bitiuninous dike. Another famous seep exudesatthe ''Puy 
de la Pois” (Fig. 2), which is a small neck made up of p4p6riteanda 
basalt cone in the center. The seepage of a heavy dark oil issues from 
fractured p4p5rite and is associated with a spring of acid water. 

For a long time, considerable quantities of asphalt have been mined 
near Pont du Chateau (Fig. 3), where are layers of well stratified p5p4rite. 
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The aq>halt is formed by drying out a heavy black ofl, which ascends in 
large open fissures in the p4p4ritio rock. 

All the surface indications of petroleym in the limagne are, as already 
stated, coimected with volcanic rocks. This fact led some French 
geologists* to the conclusion that the oil originates at deep source in 
connection with volcanic processes. In spite of this, there is little doubt 
that the petroleum comes from the oil-bearing limestone of Oligocene 
age, from whidi the p4p4rite of all of these necks includes large fragments. 
These petroliferpus beds (Fig. 3) are closely associated with anhydrite 
and gypsum, strata riiat are assumed to have been formed under condi- 
tions that are generally not favorable to the accumulation of organic 
remains. The series is part marine and part non-marine, the condition 
when it was laid down changed from marine to non-marine, terrestrial 
and arid. Similar conditions seem to have existed in the Pechelbronn 
field (Fig. 1) in Alsace; however, the marine part, adequate to supply 
material for the formation of petroleum is probably smaller in the Lim- 
agne. This predominance of brackish and fresh-water deposits, in 
addition to the scarcity of proper reservoir rocks, reduces the commercial 
value of Ibis oil deposit. 

The recent exploration for petroleum in the Limagne includes the 
following wells: • 

Three abandoned wells: two near MachoUes (Fig. 2) the results of 
which are unkn own to the writer and one near Martres d’Arti^res, where 
artesian water with carbonic acid was struck. . 

A shallow hand-drilled well at “Puy de la Pois,” which reached a 
depth of about 20 m. (65 ft.), yielded some barrels of a heavy sticky dark 
colored oil. The well is located within the zone of the neck breccia, near 
thp center of the cone. It has been abandoned. 

The Crouelle well was located between the two volcanic necks of Puy 
de la Pois and Crouelle, at the border of the highway leading from Bor- 
deaux to Lyon. It was started in the level Tertiary beds of Oligocene 
age. They were not passed through at a depth of 856.3 m. (2808 ft.), 
when the casing collapsed, probably owing to gas pressure. As Fig. 3 
shows, the drill hole passed through day, mail, and shale beds with inter- 
stratified limestone. The extreme scarcily of sandstone or sands is 
noteworthy. Only one layer of sand, about 0.40 m. (16 in.) thick, was 
encountered at a depth of 849 m. (2785 ft.); this sand is 22 per cent, 
saturated with oil. 

Above this sand, some oil issued at different depths from the limestone 
beds. The gravity of this oO is about 16° Baum4, it contains 9.3 per cent, 
of sulfur, and the percentage of volatile products at 270° C. is only 16.5 
per cent. 


* ni. CHangeaud: *‘Lee Volcaoa d’ Auvergne Qermont-Fenaod,” 99. 1910. 
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The physical and chemical properties of the,petroieiim from the 
deeper sand mentioned could not be determined. This Crouelle well was 
abandoned but a second one is being drilled close to Hie first location. 
This well is said to have reached a depth of 1200 m. (3936 ft.). In June, 
1924, work was temporarily stopped because of drilling difficulties. 

None of these wells is properly located, as they are evidently not 
within the zone of shattered rocks near the eruptive bodies of one of these 
volcanic necks. This zone is probably the only place where we may 
expect oil in commercial quantities; therefore the oil possibilities of the 
Limagne cannot be considered as having been adequately tested. 



1358 


OIL QEOLOQT OF NORTHERN VENEZUELA. 


Oil Geology of Northern Venezuela 

By a. Hamilton Gaener,* New York, N. Y. 

(New York Meetixic, February, 1925) 

The occurrence of oil seepages in Venezuela has been known since 
the early days of Spanish occupation. It was not until 1912, however, 
that any serious exploration work was undertaken. In that year, the 
Caribbean Petroleiun TI!o., then a subsidiary of the General Asphalt Co., 
employed a large staff of geologists to make a systematic survey of large 
areas in eastern and western Venezuela, selecting the most desirable 
localities out of the immense area covered by the Valladares concession. 
This preliminary work was completed in the fall of 1913, and in February, 
1914, the company completed its first commercial well at Mene Grande. 

Development work has progressed slowly, for various reasons, but 
petroleum in quantity has been encountered in nine widely separated 
localities. The Mene Grande field has been put on a producing basis 
and approximately 4,00Q,000 bbl. of oil is being shipped annually. 
Increasing quantities of oil are now being drawn from El Mene and La 
Rosa. In the light of these developments, the world’s need for oil 
reserves, and the proximity of Venezuela to the United States, American 
capital is being attracted more and more to Venezuela. 

Although considerable careful geological work has been done in Vene* 
zuela by the various oil companies now operating, most of the data is 
buried in the company files, and the published literature has been 
extremely meager. The most valuable contribution to date has been a 
map and report by Jahn, which, as it was printed in Spanish, is not 
generally available to the American oil public. 

Venezuela, located in the northwestern part of South America on the 
Caribbean S^, lies between and 12^ north latitude. Its principal 


* Brokaw, Dixon, Gamer & McKee, Consulting Geologists. 
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ports, being only about 1850 miles from New York, are closer to the 
great Atlantic seaboard refineries than either Tampico or Galveston. 

Althou^ it was one of the first countries of the new world visited by 
the early explorers, the development of its natural resources and its nor- 
mal increase in population was long retarded by civil wars and a success- 
ion of rulers who practiced the theory of ‘'government for the benefit of 
the governing class.” Since the wars of independence which culminated 
in 1827, and especially since 1910, under the leadership of Juan Vicente 
Gomez, the country has enjoyed peace and progress theretofore unknown. 
At present, about 3,000,000 people live within the 400,000 sq. mi. 
included within its borders. Foreign capital is being encouraged to in- 
vest, roads and schools are being built, and nowhere in Spanish America 
are life and property safer than in Venezuela. 

Climate and Topography 

The climate, while everywhere characteristically tropical, varies with 
the topography and is nowhere excessively hot nor abnormally unhealth- 
ful. During December, January, February, and March, there is practi- 
cally no rainfall; the greatest precipitation is in October and November. 

In western Venezuela, the region along the northern coast is semi-arid 
with sparse vegetation. Southward, the humidity increases progressively 
and from the tenth degree parallel to the southern end of the Maracaibo 
basin the rainfall is abimdant and the country is, for the most part, 
covered with dense jungles. 

In eastern Venezuela, the maximmn humidity is less than in the south- 
ern part of the Maracaibo basin. The arid strip along the coast, includ- 
ing the mountainous peninsula of Araya, is very narrow. The higher 
mountains to the south are covered with dense forests. 

In the plains of the Orinoco basin, the humidity is greatest in the 
eastern part. The Orinoco delta is covered with heavy swamp growth. 
Westward, this gives place to open savannas with a progressive increase 
in scrub growth, which completely covers the country in western Anzoate- 
gui and Guarico. 

Northern Venezuela may be divided roughly into three distinct 
topographic provinces, as follows: 

1. The Llanos or Plains Province . — A great plains area of approxi- 
mately 85,000 sq. mi. covered with grass and low trees. It extends from 
the Orinoco River north and northwest to the mountains. 

2. The Andes. — ^The eastern Andean Cordillera divides in the south- 
western part of Venezuela, one branch extending north along the Colomb- 
ian border, the other extending northe^t across the republic to Caracas 
thence east along the Caribbean coast. South of Lake Maracaibo, some 
of the peaks of this range are more than 15,000 ft. lugh. 



1360 


OIL OSOLOOT or NOBTHSSN VIINIIKITBLA 


3. The Maraeaibo Baan and the State of Falcon. — ^This is the area 
between the major branches of the eastern Cordillera. 

Gboloot 

The methods employed in the study of geology vary in different parts 
of the country. The best rock exposures are in the beds of streams 



Fio. 1. — GxOLOGIOAIt SKSTCH MAP OP MaBACAIBO BASIN. 

cutting tiiroi^^ the mountains and foothills. Good rock exposures are 
found ^Iso in small hills throughout the central and western parts of the 
State cff Falcon^ Fig. 1. Over much of the Maracaibo basin, where there 
are few outonps of the more important formations, a qnstem of pat 
digging has yielded nmdb infonpalaon on both the ^uoacter and attitude 
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of the rooks. Little work of this nature has been done in eastern Vene- 
suela, for most of the geological work has been done near the mountains 
where there are many exposures. 

In both eastern Venesuela and the Maracaibo basin, there u a good 
opportunity for the use of small core drills. One company has recently 
started this type of work. It is doubtful if a good murHng bed can be 
formd in the Upper Tertiary formations but much valtiable information 
can undoubtedly be obtain^. 

The rocks exposed in northern Venezuda may be divided as fol- 
lows: Igneous, metamorphic, Jurassic(?), Cretaceous, Tertiary, and 
Quaternary. 

Igneous Bocks * 

The principal igneous rocks exposed are pre-Cretaceous, possibly 
pre-Cambrian granites, porphyries, and basalts. They are found over 
only a small area in northern Venezuela. No post-Jurassic igneous 
intrusions have been observed; the exposures of igneous rocks are due 
to faulting. 

Igneous rocks make up the core of the Andes Mountains, with 
exposures more common to the southwest and less common to the north- 
east. In the Perija Mountains, on the western edge of the Maracaibo 
basin, igneoiis rocks are exposed near Petroleo, District of Perija. Igne- 
ous rocks are also exposed near Inciarte and Cachiri, District of Mara; 
in the northern part of the District of Paez; and on the Island of Toas. 
No igneous rocks are exposed in the States of Monagas, Anzoategui, 
or Sucre in eastern Venezuela. 

Metamorphics 

Metamorphic rocks are exposed over a much larger area than are 
igneous rocks. They consist largely of mica schists and gneisses of 
pre-Cretaceous, posribly pre-Cambrian, age. Mica schists make up the 
major portion of the eastern Andes mountain range and the Peninsula of 
Araya in eastern Venezuela. Gneisses are exposed along the southern 
bank of the Orinoco Biver and make up much of the area to the south 
in the State of Bolivar. Both schists and gneisses are locally mineral- 
ized and bear copper, gold, and lead. 

JurassieCi) 

The age of the rocks that are tentatively classified as Jurassic has 
not been definitely established, but they are placed in this qrstem because 
they undmlie sediments of known Cretaceous age. 

The series is made up of fine-grained, well-consolidated, weU-bedded 
sandstones, shales, grits, and coPglomarates. The rods have a distinct 
red color and are mcposed over only a small area in Uie mountains in the 
western part of tiie District of Perija, State of Zulia. 
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Cretaceotu 

The rocks dt the Cretaceous system are not exposed over a large 
area in northern Venezuela. They are, however, of great economic 
importance as certain Cretaceous formations provide a source for much 
of the oil of tl^ country. 

As the lithological character of the formations is persistent, except 
for minor variations, the Cretaceous rocks are easily recognized. The 
generalized section for western Venezuela is: 

600-1000 ft. dense, bituminous, hard limestone inteibedded with black limy 

shale; lower shale contains large round limestone concretions; the 
whole is very fossUiferous and is impregnated with oil. Top of section. 
3000 ft. Very hard, light4o dark gray, crystalline, fossUiferous limestone with 
oceamonal sandstone beds. 

500 ± ft. Hard, coarse, even-grained, quartsitic sandstone. Base of section. 

Various parts of this section are exposed in western Venezuela. A 
narrow belt outcrops along the northern edge of the Andes Mountains 
in the States of Tachira, Merida, Trujillo and Lara. In the State of 
Zulia, it is exposed on the Island of Toas and in the western part of the 
Districts of Colon, Perija, Mara, and Paez. 

Locally, the shales have been altered to slates and the sandstones 
hardened. This alteration is most pronounced near the Andes and least 
in western Perija. A generalized section for eastern Venezuela is: 

3000 ± ft. Gray to black, limy shale, with black limeatone and sandstone beds in 
lower part; limestone concretions; fossUiferous; locaUy impregnated 
with oU. Top of section. 

2500 ± ft. Hard, light to dark gray, crystalline Umestone; fossUiferoiu. 

1000 ± ft. Hard, quartsitic, coarse sandstone. 

500 ± ft. Black, limy shales. Base. 

Tliese rocks, which form a large mountain range in northeastern Anzoate- 
gui, northern Monagas and southern Sucre, have been locally altered and 
hardened. This alteration is most pronounced in the northern part 
of the area and decreases from north to south. At the southern limi t 
oi the Cretaceous area north of Maturin, there is no alteration. In 
general, the Cretaceous formations withstand erosion and form mountains. 

Much oil in Venezuela probably has its origin in the upper formations 
of this system. Production may be obtained from the Cretaceous only 
in those limited areas where the upper part of the system carries 
porous sands. 

Tertiary 

Exposures of rocks of the TerUmy system are widdy distributed 
thioi^famjt the northern part of Venezuela. In the Maracaibo bann, 
tiiey aio found all along the flanks of the mountains and in many localities 
toward the center of the basin. Exposures are eoaanxm over the entire 
State of Falcon. 
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In eastern Venezuelai they are exposed on the southern flA.n1r of the 
Cretaceous mountains and through the northern parts of the States of 
Anzoategui and Guarico. 

Tertiary rodlks undoubtedly underlie the Quaternary in the Maracaibo 
basin and in eastern Venezuela. 

Shales predominate in the Tertiary system with numerous interbedded 
sandstones and limestones and some coal beds. As most of the sedi- 
mentation occurred in shallow water under rapidly changing conditions^ 
the formations vary widely in character and thickness from place to place. 

The stratigraphic relation between the Tertiary and Cretaceous has 
not been defimtely established but it is probable that they are separated 



Fig. 2. — Geological map of eastern Venezuela. 


by a small angular unconformity. Faulting is so common near the 
exposed contact of the two systems that it is usually impossible to find 
an undisturbed sequence of beds. 

Eocene . — ^The rocks of the Eocene show less lateral variation than 
the later Tertiary sediments and certain formations with persistent 
characteristics are widely distributed. A typical section follows: 

2000-3000 ft. Hard, coarse, well-consolidated, massive sandstone, usually light 
color^ with a small amount of dark gray shale; sandstone quartz- 
itic in some localities. Top of section. 

1000-2000 ft. Carbonaceous, brown to black shales, sandy shales and thin-bedded 
sandstones; in some localities contains thick coal beds. 

500 ± ft. Dark oolor^ shales, fossiliferous limestones and thin-bedded quarts- 
itic sandstones. Base of section. 
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The Eocene is weQ reposed in many places along the fl^Tilnt of the 
mountains sunounding the Maracaibo badn and is best developed in 
western Colon, southwestern Perija, western Mara, southweston Paes, 
and eastern Sucre in the State of Zulia. It is also expdied in the States 
of Lara and Falcon. 

On the Weston side o£ Lake Maracaibo, the formations are carbon- 
aceous, containing large amounts of coal, and are usually xinaltered. On 
the eastern side of the lake they contain little coal, are darker in color, 
and in most places have been altered to quartzites and slates. 

In the State of Falcon, a dark shale is predominant, with quartzitic 
sandstones and fossiliferous limestones interbedded. In eastern Vene- 
zuda. Eocene rocks are exposed on the west, southwest, and a part 
of the. southern flank of the Cretaceous mountains. Alteration is 
less pronounced than in Falcon and eastern Zulia but more so than in 
western Zulia. 

The massive sandstone formation in the upper part of the Eocene 
is easily recognized over much of northdn Venezuela. 

Probably a small amount of ofl is indigenous to the shales and lime- 
stones of the Eocene. Large production should be obtained from the 
Eocene in localities where the sandstones are not quartzitic and have 
retoned their porosity. L3ring as it does immediately above the petro- 
liferous upper member of the Cretaceous, it gives promise of being one 
of the principal oil horizons of Venezuela. 

Olig<Mxne . — ^In some localities where fossUs are not found, rocks whose 
age is not defimtely determined, have be^ classified as Oligocene because 
of their stratigraphic position. The rocks of the Oligocene are not 
exposed over any large area but are found on the east and west sides of 
the Maracaibo basin, in the State of Falcon, and in the State of Anzoategui. 

There is a small angular unconformity between the rocks of this 
series and those of the underlying Eocene. 

In western Zulia, the Oligocene is made up of dark brown, carbonar 
ceous shale, sandy shale and thin-bedded sandstones about 2000 ft. 
in Ihickness. 

In eastern Zulia, it is a dark gray shale commonly showing conchoidal 
fracture and contiuning iron^oxide concretions. In some localities, it 
contains thick lenses of f oraminiferal limestones. It is about 3000 ft. thick. 

In tile State of Falcon, the shales have been altered so that they have a 
slaly appearance. In addition to the thick limestone lenses common in 
the Oligocene of eastern Zulia, the series here contains thin, Mack lime- 
stone beds. Its thickness is approximately 2000 ft. 

In of Anzoategui, the series contists of massive, gray to brown sand- 
stone beds in a thicldy bedded fosdliferous, gray shale with iron-oxide 
concretions. Its thickness is about 1000 ft. In ZuUa and Anzoate- 
gu^ the san dsto nes and sandy shales provide good reservoirs for oil. 
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In eastern Znlia and Falcon, a small amount of h4^-gravity oil may be 
indigenous to the dark gray shale and lin^stone series. 

Miocene . — ^While the angular unconformity between the Oligocene 
and Miocene is small, there is, in most localities, a pronounced change in 
the character of the rocks. 

Exposures of rocks of Miocene age are widespread. The sediments 
were deposited under rapidly chan^g water conditions and the resultant 
rocks vary greatly in character and in thickness from place to place. 
There are few fossiliferous horizons in the Miocene of Zulia. 

In both western and eastern Zulia, the Miocene is made up of a series 
of alternating beds of clays and sandstones with a thickness of 5000 to 
8000 ft. The clays are soft and mottled white to red. The standstones 
are massive, friable, poorly sorted, coarse, and lenticular. The best 
exposures are found in the savannas east of the mountains in northern 
Perija. In southern Zulia, the Miocene is subject to greater variation in 
character and continuity. The deposits here are generally micaceous. 

The State of Falcon offers the best area for the study of the Miocene, 
as it is exposed over most of the north-central portion of the state. Its 
thickness has been estimated at 15,000 ft. but as this is the summation 
of a series of measurements it doubtless involves overlap and the maxi- 
mum thickness in any one place is probably considerably less. The 
formations show great lateral variation and the sandstones, especially, 
are lenticular. In Falcon, the lower part is generally made up of well- 
bedded, dark brown shales, locally containing lignite and well bedded, 
brown sandstones. In western Falcon, the upper part of the Miocene is' 
very similar to the lower Miocene, with the shales much lighter in color. 
South of Coro, in north-central Falcon, the light-colored upper Miocene 
shales are interbedded with numerous fossiliferous, brown limestones. 

In Zulia and Falcon, the Miocene rocks do not carry an abundance of 
bituminous material and therefore are probably not an original source of 
oil. There are, however, many excellent reservoirs in the soft, porous 
sands from some of which production is obtained at Mene Grande and 
El Mene. 

In eastern Venezuela, the Miocene is composed of an alternating series 
of sandstones and shales. The shales are brown and fmrly well lami- 
nated. The sandstones are brown, friable, and thin to tUck bedded. 
The estimated thickness of the series is 1500 to 2500 ft. It is exposed in 
the foothills and near the mountains in the northeastern part of Anzo- 
ategui and northwestern Monagas. 

PUooene . — ^In north-central Anzoategui, a formation about 400 ft. 
thick lies unconfonnably over the older Miocene rocks. It is com- 
posed of light-colored clays and shales, poorly consolidated brown 
sandstones, a very few fossiliferous limestone beds and somejignites. 
(hi Ihe bads of its fossils the formation is correlated as Pliocene or uppers 
most Miocene. 
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Quaternary 

The major part of the southern portion of eastern Venezuela, north of 
the Orinoco River, is covered by rocks of the Quaternary sjrstem, termed 
the IJanos formation. It is composed of idtemating beds of highly 
colored and mottled clays, massive sandstones and poorly sorted conglo- 
merates. Its thickness is estimated at 250 feet. 

A Bimilar formation is exposed over much of the area in the northern 
part of the Maracaibo basin. Recent alluvials are deposited over large 
areas in the southern part of the Maracaibo basin and in the delta of 
the Orinoco River. 

The Quaternary rocks, while unimportant in relation to petroleum, 
are a great handicap in the study of the more important underly- 
ii^ formations. 

Historical Geology 

A discussion of pre-Cretaceous history would have little bearing on 
the oil geology of Venezuela. During early Cretaceous time, much of 
northern South America was probably covered by a great epicontinental 
sea. The period was characterized by the deposition of great thicknesses 
of limestone over wide areas. This was followed by a gradual emergence 
and folding along the axes of the present mountain ranges so that the 
Maracaibo basin became separated from the sea covering eastern Vene- 
zuela. This emergence and relative elevation continued through the 
Eocene and Miocene periods. The newly exposed highlands were a 
source of detritus, which made up the Tertiary sediments. The progres- 
rive elevation of the mountain areas and the accumulation of sediments 
within the barins constantly restricted the area of sedimentation and the 
Cretaceous and Tertiary formations were successively exposed to erosion 
along the flanks of the uplift. Elevation and subsidence relative to sea 
level doubtless recurred from time to time, giving rise to overlap and 
to the minor unconformities noted in the Tertiary rocks. 

The close of the Miocene period was marked by pronounced deforma- 
tions and locally the Eocene and Oligocene shales and sandstones were 
metamorphosed to slates and quartzites. Since the close of Miocene 
time, conditions have been relatively quiescent althou^ there have been 
periods of subsidence and elevation accompanied by some minor folding. 

Structural Geology 

The i»»-Cretaceous rooks have been subjected to profound meta- 
morphism but the resulting complicated structure has io bearing on the 
localization of ml. The major folding and faulting that culminated at 
the close of Miocene time resulted in the formation of the Llanos basin of 
eastern Venezuela and the geosyncline that includes the Maracaibo basin 
and the State of Fateon. Wit^ these major areas, important fdds and 
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faults were developed. For the most part, these are roughly parallel 
to the mountain ranges but many smaller folds and faults are at 
diverse an(^es. 

The anticlines are commonly long with fairly straight axes and steeply 
dipping flanks. The faults are predominantly normal with displace- 
ment ranging from a few feet up to several thousand feet; as in the Toas 
and Petroleo faults in which the Cretaceous is brought into contact with 
Upper Tertiary beds. 

OCCUBBENCE OF OlL 


Seepages 

Very impressive seepages of oil and asphalt are found in many 
localities in Venezuela. They are distributed over a wide area and 
emanate from many different horizons. They vary from dry asphalt 
to oil of 30° Baum6. 

The largest seepage in the world is Bermudez Lake at Guanoco, in 
eastern Venezuela. Numerous other seepages of heavy oil are found 
along a line extending west from Guanoco at the southern edge of the 
mountains. These seepages come from the Cretaceous shale. Ei^t 
miles south of this line is a seepage at Chapapotal, coming from the 
Quaternary, but with the Cretaceous shale undoubtedly very close to 
the surface. Still farther south, near Maturin, is a conspicuous line of 
seepages extending slightly south of west from the southern part of 
Trinidad and continuing west of Maturin. These seepi^es also issue 
from the Quaternary but evidence on Trinidad indicates that a Miocene 
petroliferous horizon is near the surface. 

In western Venezuela seepages are numerous. There are many 
in western Zulia along the Inciarte, Petroleo, La Luna -fault zone. Most 
of these give heavy oil and the one at Inciarte is a large asphalt lake. 
In the district of Colon and in the highly folded Eocene formations «dong 
the south and southeastern edges of the Maracaibo basin are many 
seepages of light oil. 

At Mene Grande, there are hundreds of seepages covering about 1 
sq. mi. and issuing from the Upper Eocene and Upper Miocene rocks. 
At El Mene, in Falcon, is a seepage of light oil from Upper Miocene rocks. 
There are many small seepages from the Miocene in western Falcon. 

Producing Wells 

Oil in commercial quantities has been fotmd in rocks ranging, in age, 
from Eocene to Upper Miocene. The wells in the Bio de Oro and Rio 
Tarra fields in Colon are in the Eocene. The wells in the Menito (Misoa) 
field are in the Oligocene. The wells in the Mene Grande, La Rosa, 
La Paz, El Mene, and Petroleo fields are in the Middle or Upper Miocene. 
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BAstnui 

1. Oil has been found in many sands in fonnations ranging in age 
from tile Cretaceous to the Quaternary. 

2. So far as the geology has been worked out in the producing fields, 
the producing horison has been folded into anticlines with steeply 
dipping flanks, as in Colon and at El Mene and Misoa. It appears, 
ther^ore, that anticlines are a requitite for oil production. 

3. Oil is indigenous to the upper Cretaceous shales wherever this 
formation has been deposited. Some oU has had its origin, also, in the 
dark carbonaceous shales and limestones in the lower part of the Eocene; 
and a smaller amount in the Oligocene shales and limestones of Falcon 
and «tstem Zulia. 

4. These horizons may have contributed oil to the overlsring porous 
bedti until the close of the Miocene period, after which th^ were altered 
locally, and in such localities were no longer available as a source of oil. 
This alteration is least in the western part of the Maracaibo basin and 
along the southern edge of the mountidns in eastern Venezuela. 

5. The great diastrophic activity at the close of Miocene time per- 
mitted relatively rapid migration of oil into the overlying beds along the 
fractures and fault zones formed at that time. 

6. A considerable amount of oil has accumulated along the zones 
of major faulting but the greatest quantities are retained in steep sided 
anticlines in which the folding has been accompanied by fracturing 
or faulting. 

7. The producing sands, especially in the later formations, are lentic- 
ular and in many of the fields production will be spotted. 

8. Sand and sandstone beds will be the producing formations. The 
degree of alteration and the resultant porosity of these beds is an impor- 
tant guide to localities of oil accumulation. 

9. The numerous porous sandstones interbedded with impervious 
shales and clajrs afford an abimdance of reservoirs for the accumulation 
of oil in the post-Cretaceous rocks. Production may be obtained from 
any of these sands, dependent on the porosity of the sands, the extent 
ci fracturing or faulting of the imderlying fonnations and the presence 

suitable structure. 
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David Talbot Day 

David Talbot Dat, a member of the Institute since 1887 and its 
vice-president in 1893 and 1900, passed away suddenly at the home of a 
friend in Washington, D. C., on April 15, 1925. The son of Willard 
Gibson and Caroline Cathcart Day, he was bom at Lakewood, Ohio, on 
Sept. 10, 1859. He -received his collegiate training at Johns Hopkins 
University, Baltimore, Md., taking an A. B. degree in 1881 and a Ph. D. 
degree in 1884, in the same class as President Wilson. He served for 
two years as demonstrator of chemistry in the University of Maryland, 
and in 1886 married Elizabeth Eliot Keeler, of Mayport, Ma. Soon after 
this marraige. Doctor Day went to Washington, D. C., and was chosen 
by Albert Williams, Jr., as his successor in the statistical work of the 
United States Geological Survey. 

Doctor Day was connected with the Geological Survey for 28 years, 
and from 1886 to 1907 he was in charge of the Mineral Besources di'mion. 
To his organizing genius and his ability to meet i^en in all walks of life 
and to convince ithem of the sincerity of his purpose, is to be credited 
most of the progress made in twenty years in the establishment of the 
series of reports containing the annual statistics of mineral production 
and the rapid development of the mineral industry of the United States. 
In building up a strong organization for the collection of mineral statistics. 
Doctor Day was ably seconded by Edward W. Parker, who stood in the 
same relation to the coal industry that Doctor Day stood to the mineral 
industry as a whole, and the hearty cooperation of the two men achieved 
a result that has been of lasting benefit to the Geological Survey and to 
the business interests of the country. 

Doctor Day was, by choice and training, a chemist, and from the 
time he left the university he evinced great interest in the chemistry and 
technology of petroleum. Several papers on this subject were published 
by him during his connection with the Geological Survey, but an indus- 
try that was already established did not hold for him the attraction of 
one that was in the formative stage and was strutting for existence. 
Accordingly, in the height of the rapid development of the oil industry 
of the United States, Doctor Day turned his attention largely to the 
problem of the utilization of oil shale. He resigned his position as chief 
of the Division of Mineral Resources of the Geological Survey in 1907 and 
became consulting chemist, mainly in the line of oil-shale investigations. 

Doctor Day was indomitably optimistic regarding the establishment 
in this country of an oil-shale industry, and, in association with E. G. 
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Woodruff, and under the auspices of the Geological Survey, made the 
first survey and field tests of the great oil-shale beds of northwestern 
Colorado and northeastern Utah. The part plashed by Doctor Day in 
the establishment of the naval petroleum and oil-shale reserves con- 
stitutes, perhaps, his greatest service to the American public. It was 
under the stimulus of his optimistic belief in the ultimate value and 
importance of oil shale as a source of future supplies for the United 



David T. Dat. 


States that the Geological Survey mapped and critically studied all of 
the more important oil-shale fields of this country. As his chosen field 
of operations was more closely related to the technology of oil shale than 
to its geology, he resigned from the Geological Survey in 1914 and was 
appointed consulting chemist of the Bureau of Mines. In 1920, he 
severed his connection with the Government service so that he mig^t 
have a free hand in carrying out experiments work on the distillation 
of oil sbSe with the hope of ultimately establishing a new industry (m this 
great undeveloped resource of the country. 
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As many of his problems could best be solved in the West, Doctor 
Day moved to Santa Maria, Calif., within easy reach of the oil fields and 
also of large deposits of oil shale. He erected there a plant for dis- 
tilling oil shale and conducted an elaborate series of experiments which 
confirmed his belief that this shale could be utilized in a commercial 
way for the production of gasoline and the various byproducts incidental 
to that operation. 

Despite the large amount of time consumed in his experimental work 
and in serving as consulting chemist and geologist for large oil companies, 
he found time to plan a Handbook of the Petroleum Industry and direct 
its compilation. This was published in 1922 in two volumes and has 
become a standard reference book for those interested in the many 
branches of the petroleum industry. 

Doctor Day is survived by his wife, a daughter, Mrs. Stanley G. Bren- 
eizer of San^ Maria, Calif.; a son, David Eliot Day, a petroleum engineer 
in Los Angeles; and by a host of friends who were attracted to him by his 
loving disposition which found good in all mankind. 

M. R. Campbell. 



WilUam A. Clark 


William Andrews Clark, fonner United States senator from Mon- 
tana, died at his home in New York on March 2, at the age of 86, after a 
bri^ illness due to pneumonia. He was the last of the three great Mon- 
tmia mining magnates, Clark, Daly and Heinze. 



WlUAAK A. ClABK. 


He was bom in Connellsville, Pa., on Jan. 8, 1839, and in 1863 
arrived in Bannock, Ida., with only five dollars, after a journey of 65 
days. On reaching Idaho, he became successively a miner, teamster, 
machinist, railway builder, mine owner, capitalist and, in his more 
recent yeaxB, philanthropist and art collector. 
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He accumulated his first thousand dollars duicing gold on a placer 
claim on Horse Prairie, Ida. He bought a mule team, traveled to Salt 
Lake and freighted provisions back to the miners. In 1867 he took a 
government contract to carry mail from Missoula, Mont., to Walla Walla, 
Wash., and on two occasions made the greater part of the journey 
on snowshoes. 

When teaching school, he studied law, and later entered Mount 
Pleasant University in Idaho, but he never entered the bar. 

At the age of 33, he purchased an interest in some of the principal 
claims in Butte and four years later built the first silver stamp mill in 
that camp, making it the greatest silver producer in America. Then 
he became a copper king and 35 years later helped to make Butte one of 
the most important zinc camps. He financed and owned more than 
50 per cent, of the stock of the San Pedro, Los Angeles and Salt Lake 
BaUroad. Just after the road was completed, floods washed out great 
sections of it, causing a loss of $16,000,000; for the second time he poured 
his wealth into the reconstruction of this road. 

During the Nez Perce Indian uprising in 1868, he organized a bat- 
talion of engineers and, as its major, helped quell the trouble. 

He became almost the sole owner of the United Verde Copper Co., 
at Jerome, Ariz. He regarded it as strictly a personal affair and less is 
known of it, by the profession, than of any other of the large copper 
producers. 

He maintained two palatial residences, one in New York, and one in 
Butte. In his later years, he was much interested in art and had in 
his New York galleries the largest individual collection of Corots in the 
world. He devoted millions of dollars to philanthropy, about which 
little is known. 

Although, in the later years of his life, he devoted much time to 
travel, social intercourse, collecting and philanthropy, he maintained close 
contact with the most intimate details of his mining operations. 

His passmg marks the end of a generation famous for picturesque 
characters in the mining world, among whom he stood pre-eminent. 



WiUet G. MiUer 


Thb minin g fraternity of North America was grieved and shocked to 
learn of the death of Dr. Willet G. Miller on Feb. 10, 1925. Doctor 
Miller was for many years the Provincial Geologist of Ontario and 
the one who more than any other had contributed by his personal work 
and the reports of his subordinates to the recent extraordinary mineral 
development of the Province. 

Doctor Miller was fifty-eight at the time of his decease. A man of 
unusually stalwart physique, he seemed destined to many years of use- 
ful service. His friends in both the American and Canadian Mining 
Institutes can with difficulty reconcile themselves to his loss. 

Doctor Miller was bom in 1867 in Port Rowan, Ont., on the shores of 
Lake Erie. After preparation in the high school of his native town, he 
entered the University of Toronto and took his bachelor’s degree in 1890. 
He pursued graduate studies in geology at Chicago, Harvard, and Heidel- 
berg Universities. In 1893, he was first appointed lecturer and soon 
thereafter Professor of Geology in Queens University, Kingston, Ont., a 
chair which he held until 1902. He was then appointed Provincial Geo- 
logist of Ontario and was placed at the head of the Survey which was 
attached to the Department of Mines. Within the next year, 1903, he 
performed the service that made him famous. 

In the summer of 1903, in connection with the building of the Ontario 
Government Railway toward an objective on James Bay, veins had been 
lioticed by construction parties just north of what is Cobalt Lake today, 
and in the rocky pass that is now traversed by the main line of the 
Canadian National Railway en route to Vancouver. The pink stain of 
cobalt bloom on the vein, known later as La Rose, caught the eye of 
a workman; in November, Doctor Miller recognized the silver in it, and 
brought the possibilities of the district to general attention. In Decem- 
ber, he published an article in the Engineering and Mining Journal^ 
stating that the veins could be worked at a handsome profit. During 
the winter and spring, the mining interest awoke, which resulted in the 
astonishingly productive silver district of Cobalt; but in which. Doctor 
Miller, because a government official, scrupulously refrained from having 
any financial interest whatever. Seldom has so high a sense of honor 
been manifested; and as the result. Doctor Miller commanded confidence 
and respect to an extraordinaiy degree. Hard on the discoveries at 
Cobalt came, in the next few years, those at the other famous camps 
in Northern Ontario; and step by step with them, reports issued from 

1376 



whjLbt a. mhiLBir 


1377 


the office of the Provincial Geologist, which assisted in their intelli- 
gent development. 

Doctor Miller was Ck>uncilor of the American Institute of Mining 
Engineers 1909-1911, and Director 1917-1919. In the Canadian Min- 
ing Institute, he served as President 1908-1910. In the Geological 
Society of America, he was Vice-President in 1920. He was an Honorary 
Memlwr of the Institution of Mining and Metallurgy of London, and 
received the gold medal in 1913. Queens University conferred upon 
him the honorary degree of LL.D. in 1907, and at a special convocation 
which was one of the features of the International Geological Congress, 
in Toronto, 1913, his alma mater also conferred upon him the honorary 
degree of LL.D. 

Doctor Miller was one whose simple and unaffected manner refected 
the directness and sterling honesty of his character. He was a geolo- 
gist of marked and outstanding ability, and in addition to his contri- 
butions on mining, investigated of the ancient geological formations 
of the North. 

His loss will be profoundly felt on both sides of the international 
boundary, and for his great services, the Board of Directors of the 
American Institute of Mining and Metallurgical Engineers desire, to 
record this memorial of appreciation and respect. * 

The Board of Directors at its February Meeting ordered this memorial to be 
spread upon its minutes, and to be sent to his family with an expression of deep 
sympathy in their loss. 


yvL. WBKLr-9l 
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[Note. — In this Index, the names of the authors of papers are printed in shall 
CAPITALS, and the titles of papers in italic^.] 

Abandoning wells, 1209. 

Absorbent material, liquid-oxygen explosives, 1251 . 

Accelerated corrosion tests, 746. 

Accidents, causes in coal mines, 1229. 

Acid phosphate, see Superphosphate. 

Action of Hot Wall: a Factor of Fundamental Influence on the Rapid Corrosion of Water 
Tubes and Related to the Segregation in Hot Metals (Benedicks), 597. 
Action of hot wall; chief causes of corrosion, 599 
Ludwig-Soret action, 616, 625. 
rational air removal, 605. 
segregation in molten iron, 620. 

Adams, W. W. : Discussion on Schedule Rating Coal Mines in Pennsylvania for Com^ 
pensation Insurance Rates, 1234. 

Aerial tramway American Zinc Co., 1034. 

Aging: aluminum alloys, 832, 846. 
brass, 801. 

Aging temperature, aluminum alloys, 875, 886. 

Air quenching, aluminum alloys, 853. 

Alabama: blast-furnace practice, 436. 
byproduct coking, 1106. 
coal washing, 1088. 
coke, 440. 

coke plants, byproduct, 1106. 

flux, 440. 

iron ore, 304, 438. 

Koppers coke ovens, 1107. 
pig iron, 441. 

Semet ^Ivay coke ovens, 1106. 

slag, 441. 

steel making, 398. 

Alabama Byproduct Corpn., coke plant, 1108. 

Alabama Steel A Wire Co., 401. 

Aldbich, Truman H. ; Notes on the Clinton Group in Alabama, 304. 

Alexander, Jerome: Discussion on X-ray Evidence Versus the Amorphous-metal 
Hypothesis, 741. 

Alger, Cyrus, 407. 

Alloy steel for guns, 422. 

Alloying, methods of, 865. 

ADoys: aluminum: aging, 832, 846. 

ag m g temperature, 875, 886. 
air qu^ching, 853. 
ann^ed, 841. 
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Alloys: aluminum: annealing, 835, 886. 
applications, 842, 8^. 
casting, 864, 867. 
cold worked, 840. 
combination t 3 rpe 8 , 842. 
commercial, 837. 
condition after working, 835. 
constitution, 887. 
corrosion, 854. 
duralumin, 829. 
electrical properties, 860. 
endurance properties, 847. 
extruded, 840. 
hardening theory, 835. 
hardness, 881. 
heat treated, 841. 
heat treatment, 864, 871, 886. 
high strength, 828. 
machineability, 842. 
macrographs, 820, 821, 823. 
mechanical properties, 840. 
methods of alloying, 865. 
methods of heat treatment, 842. 
new, 834. 

physical properties, 841, 872. 
precipitation hardening, 856. 
precipitation heat treatment, 836. 
quenched, 841. 

quenching temperature, 873, 886. 
reheating, 879, 887. 
salt-water corrosion, 845. 
solution heat treatment, 836. 
specific endurance, 848. 
stability, 860, 882. 
tensile strength, 881. 
testing, 871. 
welding, 854. 
workability, 860. 

X-ray, 726, 

aluminum-copper, 829. 

commercial alloys, 837. 
heat treatment, 830. 
mechanism of hardening, 832. 
aluminum-magnesium, photomicrograph, 826. 
aluminum-magnesiumr-silicon, 832. 

commercial alloys, 839. 
aluminum-manganese, macrograph, §18, 822. 
copper, corrosion, 745. 
corroded, coatings on, 784. 
eutectic patterns, 651. 
eutectic, photomicrographs, 654. 
structuial composition, 669. 
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Alternating-current precipitators, 1066. 

Aluminum alloys, see AUays, aluminum. 

Aluminum and copper, X-ray, 739. 

Aluminum bronse: hardness, 806. 

photomicrograph, 811, 812. 

Aluminum-copper ^oys, see AUays, aluminum-copper. 

Aluminum: etching, 816. 
macrograph. 817, 819. 

X-ray, 726. 727, 730, 731. 

Aluminum-magnesium-silicon alloys, see Alloys, aluminum-magnestum-sUicon. 
American Bridge Co., 399. 

American Phosphate Corpn., 333. 

American Steel A Wire Co., 403. 

American Zinc Co. of Tennessee, 1029. 

Ammok, Robert: Milling Practice of American Zinc Co. of Tennessee at Mascot, 1029. 
Amorphous metal hypothesis, 720. 

Anaconda Copper Mining Co., 333. 

Anaconda superphosphate, 329. 

Analysis: coal, 86, 166, 168, 274. 
lignin, 42. 

manganiferous iron ores, 377. 
speiss, 953. 
spelter, 900. 
wood, 38, 40, 64. 

Analysis of Performance of a Coal Jig (Yancey and Fraser)^ 1079. 

Anderson, Robert J. and Enos, George M. : Coatings Formed on Corroded Metals 
and Alloys, 784. 

Anderson, Robert J. and Norton, John T.: X-ray Evidence Versus the Amorphous- 
metal Hypothesis, 720; Discussion, 742. 

Annealed aluminum alloys, mechanical properties, 841. 

Annealing: aluminum alloys, 835, 886. 
effect on diffraction lines, 724. 
soft metals, 636. 
temperature, effect of, 630. 

Anthracite: carbonized matter, 139. 
combustion temperature, 198. 
fusain, 139. 

microstructure, 119, 127. • 

photomicrographs, 120, 130 
Anthraxylon, 91, 134, 233, 244, 245. 

Apjdication of Gaussian Curve to Mining Industry (Archbald), 1236; Discussion: 

(Laird), 1246; (Read), 1247. 

Application of oil-well records, 1346. 

Application of pulverized coal in copper furnace: combustion space, 975. 
cycle of operations, 976. 
equipment, 974. 
firing operations, 976. 
furnace conditions, 976. 
other plants, 981. 
plant installation, 975. 
test run, 964. 

Application of Pulverised Coal to Copper Refinery Furnaces (Steele), 972; Discussion 
(Ptne), 982; (Steele), 982; (Mathbwson), 982. 
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Applications, aluminum alloys, 842. 

Archbald, Hugh: ApT^icaHon of Oauaoian Curve to Mining Induetry, 1236. 

Abcheb, Robebt S. and Jeffbies, Zat: New Devdopmente in HighrObrength Aluminum 
AUoye, 828; Diecueeion, 861. 

Armbtbong, L. K.: Diecuesione: on Phoephaie DepoeUe of Idaho and Their Relation 
to the World Supply ^ 338. 
on Rotary Cdlcinere for Gypsum^ 351. 

Arsenates, production from speiss, 960. 

Arsenic recovery, 953. 

Ashley, Geobge H.: Diecuesione: on Environmental Conditione of Deposition of 
Coal, 24, 27, 29. 

on Safeguarding Coal-mining OperaHone against Danger from Oil and Gas 
Wens , 1219, 1222. 

Attritus, 84, 107, 137, 233. 

Austenite and Austenitic Steels (Mathews), 568. 

Austenitic steels: 548. 

coefficient of expansion, 575. 
hardness, 572. 
magnetic properties, 574. 
microscopic structure, 575. 
photomicrographs, 576. 
specific resistance, 573. 

X-ray, 589. 

Auto-frettage, 434. 

Available combustibles, liquid oxygen explosives, 1249, 1252. 

Available underground supply of oil, 1320. 

Bacteria, nitrogen fixation, 63. 

Bain, Edgab C.: Discussion on X-ray Evidence Versus the Amorphovo-metal dypothe- 
sis, 738. 

Balcones fault zone, 1329. 

Banket pebble as grinding charge, 988. 

Babba, W. P.: Discussion on Finishing Melting Temperatures of Simple Ingot Steels, 
500. 

Bark, composition, 44. 

Babb, Jahes A.: Manufacture of Ferrophosphorus at Rockdale, Tenn,, 507. 

Discussion on Coal Wogihing Practice in Alabama, 1103. 

Barriers, rock dust, 1178. 

Basch, D. : Discussion on Coatings Formed on Corroded Metals and Alloys, 793. 
Basset, W. H.; Discussions: on Corrosion of Copper Alloys in Sea Water, 782. 

on Experiments on the Heat Treatment of Alpha-Beta Brass, 805. 

Bassett, W. H. and Davis, C. H.: Corrosion of Copper Alloys in Sea Water, 745. 
Bear Lake Phosphate Co., 334. 

Bearings, crusher, 1035. 

Beasley, Fbed E.: High Zinc in Lead Blast-furnace Slags, 919; Discussion, 922, 
923, 926, 927. 

Beilby theory, 720. 

Belt Conveying of Cod at H, C. Frick Coke Company Mines (Dawson), 1112; Discus- 
sion: (Jobgensen), 1128; (Dawson), 1128, 1129; (Bbight), 1128; 
(Hesse),* 1129. 

Belt^nveyors: coal, 1112. 

West Springs mhl, 1010. 
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Beltba, a. B., Hebtt, C. H., Jr., Burkart, £. H., and Miller, C. C. : Some Factors 
Affecting the EliminaHon of Sulfur in the Basie Open-hearth Process, 512. 
Benedicks, Carl: AcHon of Hot Wall: a Factor of Fundamental Influence on the 
Rapid Corrosion of Water Tubes and Related to the Segregation in Hoi 
Metals, 597. 

Discussions: on Eutectic Patterns in Metallic Alloys, 665. 
on Scratch and^BrineU Hardness of Severely Cold-rolled Metals, 895. 
on X-ray Evidence Versus the Amorphous-metal Hypothesis, 742. 

Bichel gage, 1268. 

Biluar, I. A.: Discussion on Finishing Melting Temperatures of Simple Ingot Steels, 
498. 

Binary eutectics, 676. 

Biochemical cycles, 61. 

Biographical notice: Clark, William A., 1374. 

Day, David Talbot, 1371. 

Miller, Willet G., 1376. 

Birmingham meeting, 1924, proceedings, xxix. 

Birmingham BoUing Mill Co., 400. 

Birth of grains, 637. 

Bituminous coal mines, rock dusting, 1164. 

Blast furnace: iron: cost of iron, 462. 
dimensions, 437. 
fuel consumption, 458. 
reactions, 508. 
slag volume, 458. 
sulfur control, 456. 
lead, zinc in slab, 919. 

Blast-furnace practice, Alabama: bosh protection, 445. 
cast house, 448. 
dust catchers, 446. 
hearth protection, 446. 
pig iron, 441. 
raw materials, 438. 
stock distribution, 442. 
stockyards, 447. 
stoves, 447. 

thickness of lining, 445. 

Blast-furnace Practice in Alabama (Musset), 436; Discussion: (Meissner), 450; 

(Crockabd), 451; (Musset), 451; (Oldham), 452. 

Blomfield, a. L. and Dtcus, M. F. : Discussion on Determination of Dissolved Oxygen 
in Cyanide Solutions, 1026. 

Blowholes, steel, 482, 489. 

Bosh protection, 445. 

Bowen, Max W. and Wbiniq, A. J.: Determination of Dissolved Oxygen in Cyanide 
Solutions, 1018. 

Bowl classifier, 995, 1015.' 

Bowles, Oliver: Discussions: on Engineering in Limestone Production, 366. 

on Limestone Production as a Mining Problem, 357. 

Bowron, Jambs: Sted Making in Alabama, 398. 

Botlston, H. M. : Discussion on Chemical Equilibria During Solidification and Cooling 
of White Cast Iron, 474. 

Brakpan mines, 986. 
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Brass: aging, 801. 

heat treatment, 794. 
photomicrographs, 765, 796. 

Braueb, F.: Discussion on Brisf History of MetaUvrgical Practice in Cannon-making 
wUh Particular Reference to the Cast-iron Gun, 428. 

Brboman, Adolph: Discussion on the Hardness of Heat-treated Aluminum Bronze^ 815. 
Brick, X-ray examination, 533. 

Bridgewater Iron Works, 427. 

Brief History of Metallurgical Practice in Cannon^making with Particular Reference to 
the Cast-iron Gun (Goostrat, Harrington, and Hobmer), 404; Discus- 
sion: (Zimermann), 426; (Orrok), 426; (Bbauer), 428; (MgKnioht), 
433. 

Bright, Graham: Discussion on Belt Conveying of Coal at H. C. Frick Coke Company 
Mines^ 1128. 

Brinell hardness, 889. 

Bronze: aluminum, hardness, 806. 
cannon, 417. 
eutectoid, 684. 
photomicrographs, 684, 766. 

Brown, G. M.: Discussions: on PrecipitaHon Efficiency of Zinc Dust in Cyanide 
Process^ 1065. 

on Recent Developments in the Fine Grinding and Treatment of Witwatersrand 
Ores, 1015, 1016. 

Bryant, L. E.: Discussion on Coal Washing Practice in Alabama, 1102, 1103. 

Bull, A. W. : Discussion on Determination of Dissolved Oxygen in Cyanide Solutions, 
1028. 

Burbank oil pool, production decline curves, 1322. 

Burkhart, E. H., Hertt, C. H., Jr., Beltea, A. R., and Miller, C. C.: Some 
Factors Affecting the Elimination of Sulfur in the Basic Open-hearth Pro- 
cess, 512. 

Butters filter plant: costs, 1006. 

West Springs mill, 1013. 

Byproduct coke plants, see Coke plants, byproduct. 

Byproduct Coking in Alabama (Miller), 1106; Discussion: (Swann), 1110. 

Cadmium: in zinc, 899, 912. 

photomicrograph, 635. 

Calcinm, rotary, 347. 

Campbell, M. R.: Biographical NiAice of David Talbot Day, 1373. 

Canby, R. C. : Discussions: on High Zinc in Lead Blast-furnace Slags, 921, 923, 928. 
on Recent Devdopments in the Fine Grinding and Treatment of Witwatersrand 
Ores, 1016. 

Cannd coal: carbonization tests, 162. 
coke, 163. 
formaiaon, 19. 

Pennsylvania, 162. 
photomicrograph, 150. 

Cannon, bronze, 417. 

Cannon making: history, 404. 

metallorgioal practice: alloy steel, 422. 
bronze cannon, 417. 
l^ddgren gun, 414. 
defense program, U. S., 421. 
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Cannon making: metallurgical practice: early foundries, 407. 

Ft. Pitt foundry, 410, 421, 433. 

Greenwood furnace, 415. 
high-power guns, 423. 

Parrot gun, 415, 430. 

Hodman process, 411. 

South Boston Iron Works, 407. 

Capital expenditure on the Hand, 1001. 

Carbohydrates in coal, 36. 

Carbon monoxide, reduction of iron ores by, 549. 

Carbonization, coal, see Cool, carbonization. 

Cartridge paper, liquid oxygen explosives, 1258. 

Cast house, 448. 

Cast iron: desulfurization, 468. 

white, see White cast iron. 

Cast-iron gun, manufacture, see Cannon making. 

Casting: aluminum alloys, 864, 867. 
temperature, 477, 486. 

Casting and Heat Treatment of Some Aluminum-Copper-Magnesium Alloys (Daniels, 
Lton, and Johnson), 864; Discussion: (Hanson and Gayleb), 885; 
(Daniels), 887. 

Cellulose, in wood and coal, 37, 39, 40. 

Cement industry: burning, correct, 341. 
composition of cement, 340. 
costs, 341. 
dust collection, 345. 
problems, manufacturing, 339. 
research, 341. 

Cementite: in white cast iron, 472. 

X-ray examination, 475. 

Central Iron & Fuel Co., coke plant, 1107. 

Chambers patent, 429. 

Charcoal: mineral, 21, 24, 25, 29, 30, 139. 
photomicrographs, 144. 
relation to coke, 153. 

Chemical Equilibria During Solidification and Cooling of White Cast Iron (Schwabte 
and Hird), 470; Discussion: (Pilling), 473; (Swbbtser), 474; (Boyi^ton), 
474; (SAitj^UR), 474; (Schwartz), 474. 

Chemical equilibrium, iron, oxygen, and carbon, 549. 

Chemistry, coal, modem views, 227. 

Chemists at coal-washing plants, 1092. 

Chirvinsky, P. N.: Discussion on Determination of Structural Composition of Alloys 
by a MetaUographic Planimeter, 689. 

Chromium-nickel steels, 571. 

Chromium steels, 571. 

Clark, William A. : biographical notice, 1374. 

portrait, 1374. 

Classification: coal, 86, 228. 
eutectic patterns, 652. 

Bteds, 477. 

Classifiers: 995, 1015. 

Dorr, 1047. 

Climate, Venezuela, 1359. 
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dmton sroup iron oree, Alabama, 304» 

Coal: analysea, 86, 166, 168, 274. 
anthracite, see ArUhrcuyUe. 
avidity for oxygen, 216. 
banding, 24, 128, 166, 232. 
belt conveying, 1112. 
bogen structure, 119. 
cannel, see Catmel coed. 

carbonization: Appalachian trough, 257. 
batholith intrusions, 261. 
metamorphism of organic matter, 272. 
progressive regional, 253. 
thrust compression, 264. 
cells: fragmented, 119. 

unfragmented, 121. 
chemical reagents, action, 237. 
chemistry, modern views, 227. 
classification by ranks, 86, 228. 
coking, 149. 

combustion: selective, 189, 207. 
spontaneous, 207, 208. 

composition: anthraxylon, 91, 134, 233, 244, 245. 
attiitus, 84, 107, 137, 233. 
banding, 24, 128, 165, 232. 
biochemical decomposition, 17, 58. 
carbohydrates, 36. 
ceUulose, 37, 39. 
durain, 167. 

effect of water conditions in depK>sition, 22. 
fusain, 21, 24, 25, 29, 139, 167, 189. 
glucosides, 45. 
humic, 274. 

ingredients, 36, 90, 167. 

lignin, 42. 

lignoc^ulose, 39. 

moisture as volatile matter, 282. 

nitrogen, 169, 211. 

oils, essential, 49. 

peat bog, 72. 

pectin, 36, 68. 

plant chemistry, 35. 

plant decomposition, 69. 

plant growth, 68. 

proximate, 166. 

ranks, 86, 229. 

resins and resinic acids, 51, 115. 
sapropelic, 274. 
sulfur, 169, 184. 
ulmins, 167, 175, 176. 
vitrain, 167, 181. 
wood analyses, 38, 40. 
con^omerates, 227, 233. 
constitution: 176. 
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Coal: constitution: bogen structure, 119. 
fragmented cells, 119. 
microscopic, 35, 85, 117, 127, 153. 
nitrogenous constituents, 211. 
research results, 237. 
unfragmented cells, 121. 
contact metamorphism, 246. 
deposition: anthraxylon, 91, 134. 

biochemical decomposition, 17, 58. 

cannel coal, 19, 153. 

causes of formation, 86. 

charcoal, mineral, 21, 24, 25, 29, 30, 139. 

climatic conditions, 11. 

coalification, 85. 

decay, 17, 58. 

environmental conditions, 3. 

Europe, 32. 

fusain, 21, 24, 25, 29, 139, 167, 189. 

geochemical and geophysical changes, 253. 

land surface environment, 6. 

mineral charcoal, 21, 24, 25, 29, 30, 139. 

peat bog composition, 72. 

plant decomposition, 69. 

plant growth, 68. 

ranks, 15. 

silicification, 10. 

sulfur, 10. 

swamp environment, 6. 
thin partings, 24, 25, 26, 27. 
types of coal, 15. 
volcanic, 26, 27. 

water conditions, effect on composition, 22. 
woody coals, 15, 18. 
xyloid coals, 18. 

distillation, destructive, 170, 176, 240. 
humic, 274. 

ignition temperatures, 220, 221. 
microscopic constitution, 35, 85, 117, 127. 
microscopic examination: etching, 117, 128. 
polishing, 117, 128. 

mineral charcoal, 21, 24, 25, 29, 30, 139. 
moisture, 282. 

mother of, 21, 24, 25, 29, 139. 
nitrogenous constituents, 211. 
oil and gas correlation, 1207. 
organic sulfur compounds, 184. 
origin, see Coal, deposition. 
oxidation: controlled, apparatus, 200. 
rapid, combustion study, 192. 
slow, for examination, 166. 
temperature variations, 203, 220. 
tests, 216. 
under pressure, 238. 
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Coal: photomierographs, 93, 130, 154. 
plant debris in, 172. 
proximate analysis, 166. 

pulverised: American Smelting & Refining Co., 972. 

Anaconda Copper Mining Co., 981. 

Calumet & Hecla, 981. 
combustion space, 975. 
firing conditions, 975. 
in copper furnaces, 972. 

Michigan Smelting Co., 981 
ranks: 86, 228. 

cause of differences', 254. 
moisture content, 284, 286. 
reducing agents, action, 238. 
resolution by oxidation, 165. 
sapropelic, 274. 
silicification, 10. 
flising tests, 1102. 
sludge, sulfur content, 1102. 
solubility, 168, 176. 
spontaneous combustion, 207, 208. 
structure, see Coal, comtitution. 
thin partings, origin, 24^ 25, 26, 27. 
ultimate analysis, 168. 
volatOe matter, moisture, 282. 
xyloid, 18. 

Coal and/X)xygen (Pabr and Hobart), 216; DiacussUm: (Dayib), 223; (Thom), 224; 

(Farr), 224, 225, 226; (Rose), 224, 225; (Fieldner), 225; (Jorgensen), 
^5; (White), 225, 226; (Grant), 226. 

Coal dust: explosibility, 1142. 

explosions, see CoaJrduat inveaiigaliom, 
hygroscopicity, 1171. 
prevention of formation, 1166. 
sampling, 1168. 

Coal-dust investigations: 1130. 
experimental mines, 1145. 
gallery testing, 1131. 
laboratory testing, 1131. 
prevention of explosions, 1185. 
rock dusting, 1149, 1164. 
velocity of explosions, 1158. 

Coal in ReUdion to Coke (Jeffrey), 149; Diacueaion: (White), 158, 160; (Sinkin- 
son), 160; (Parr), 160; (Kemp), 160; (Thiessen), 161; (Fettke), 162. 

Coal jig, 1079. 

Coal mines: correlation with oil and gas, 1207. 
dust sampling, 1168. 
explosion prevention, 1185. 
gas eiqdoi^ns, 1206. 
gases, 1^9. 

hazard examination, 1167. 
humidifying methods, 1185. 

rating for oompensation insurance, 1220. ^ 

rock dusting, 1195. 



INDEX 


1389 


CoA mines: safeguarding, 1204. 
ventilation, 1166. 

Coal mining: accidents, causes, 1229. 

Gaussian curve in, 1238. 

Coal washers: Republic Iron & Steel Co., 1096. 

Sloss Sheffidd Sted & Iron Co., 1099. 

Tennessee Coal, Iron & R. R. Co., 1100. 

Woodward Iron Co., 1094. 

Coal washing: Alabama practice, 1088. 
chemists at plants, 1092. 
construction material, 1093. 

Dorr thickeners, 1090. 
history in Alabama, 1089. 
representative plants, 1094. 
size of coal to jigs, 1092. 
sludge problem, 1089. 

Coal Washing Practice in Alabama (Geismeb), 1088; Discussion: (Kelly), 1102, 1104; 

(Geismer), 1102, 1103; (Pallister), 1102; (Bryant), 1102, 1103; 

(Fies), 1102, 1103; (Harris), 1103, 1104; (Barr), 1103; (Crawford), 
1104; (Wright), 1104; (Norris), 1105. 

Coalification, 85. 

Coarse crushing, American Zinc Co. of Tennessee, 1030. 

Coatings Formed on Corroded Metals and Alloys (Enos and Anderson), 784; Discus- 
sion: (Elliott), 792, 793; (Sayre), 792; (Daniels), 793; (Basch), 793. 
Coatings, metallic photomicrographs, 788, 789, 790. 

Coatings on corroded metals: formation, 786. 
nature, 785. 

Cobb, John W.: Nitrogenous Constituents of Coal^ 211. 

Coefficient of expansion, austenitic steel, 575. 

Coke: Alabama, 440. 

charcoal relation, 153. 

plants, byproduct: Alabama Byproducts Corpn., 1108. 

Central Iron & Fuel Co., 1107. 

Gulf States Steel Co., 1108. 

Sloss Sheffield Iron & Sted Co., 1108. 

Tennessee Coal, Iron & R. R. Co., 1106, 1108. 

Woodward Iron Co., 1107. 

Coking: byproduct, Alabama, 1106. 
cannel coal, 162. 
coals suitable, 149. 
history, 149. 
nature, 161. 

Cold-rolled metals, hardness, 889. 

Cold work, effect on diffraction lines, 724. 

Cold-worked aluminum alloys, 840. 

Colorado, coal, contact znj^tamorphism, 246. 

Combustibles, liquid oxygen explosives, 1249, 1252. 

Combustion: coal, sdective, 189, 207. 
propagation in coal, 190. 
temperature measurement, 198. 

Commercial aUoys; aluminum-copper, 837. 

ftlu mm»m» magnedu™-silicon, 839. 

Committees of Uie Institute, xii. 
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CwnparaHoe Study of Wdl Logo on the Mexia Type of Structure (Lahse), 1329: Dio- 
cueeion: (yak deb Graght), 1349. 

Compensation insurance, raijng coal mines, 1226. 

Composition, structural, of idloys, 669. 

Comstock, George F.: Diecueeion on Eviectie Patteme in Metallic AUoye, 667. 

The Hardneee of Heat-treated Aluminum Bronte, 806; Diecueeion, 815. 

Concentrates: copper, smdting in converter, 969. 
drying, American Zinc Co., 1056. 
flotation, American Zinc Co., 1056. 
handling, costs, 1057. 
jig, American ^c Co., 1056. 
zinc, roasting furnace, 929. 

Condenser tubes, corrosion, 748. 

Condition after working, aluminum alloys, 835. 

Cone classifier, 995, 1015. 

Connors Steel Co., 403. 

Constants of oil production decline curves, 1315. 

Constitution: aluminum alloys, 887. 
aluminum-copper alloys, 830. 
coal, see Coal, constitution, 

ConeHtution of Coal (Tidebwell and Wheeler), 176; Discussion: (White), 182; 
(I^ldner), 182. 

Construction material coal washers, 1093. 

Contact Metamorphiem of Some Colorado Coale by Intrueivee ^Ebt), 246; Discussion: 
(McFarlane), 251; (Thom), 252. 

Converter smelting, copper concentrates, 969. 

Conveyors, belt, see Belt conveyors. 

Cook, Maurice and Evans, Ulick R.: RecryetaUization and Grain Growth in Soft 
Metals, 627. 

Cooley, jig, 1036. 

Cooling, white cast iron, 470. 

Cooperative research, rock dusting, 1181. 

Copper alloys, corrosion in sea water, 745. 

Coi^ier-aluminum bronze, corrosion, 769. 

Copper and aluminum. X-ray, 739. 

Copper: cold rolled, hardness, 890. 

Ducktown district, Tennessee, see Ducktown copper district. 
physical properties, 692. 

Copper concentrates, smelting in converter, 969. 

Coppeivnickel allo3^, corrosion, 768. 

Copper refinery furnace: cycle of operations, 975. 
pulverized coal in, 972. . 

Copper sulfate in flotation, 1052. 

Copper-tin alloys, corrosion, 768. 

Coppeivzinc alloys, corrosion, 764. 

Copper-zino-tin alloys, corrosion, 769. 

Cork, composition, 44. 

Cotrdation coal with oil and gas, 1207. 

Corroded metals and alloys, coatings, 784. 

Corrosion: accderated tests, 746. 
air removal, 605. 
ahuninum aflpys, 845, 854. 
oond^is^ tubes, 748. 



INDEX 


1391 


Corrosion: copper allo 3 r 8 , 745. 
ooppeivaluminum bronze, 769. 
copper-nickel alloys, 768. 
copper-tin alloys, 768. 
copper-zinc alloys, 764. 
copper-zino-tin alloys, 769. 
dezincification, 781. 
grain size, effect of, 760. 
hardness, effect of, 760. 
salt spray test, 770. 
sea water, 745. 
sheet metal, 755. 
water tubes, 597. 

Corrosion of Copper Alloys in Sea Water (Bassett and Davis), 745; Discussion: 

(Pbicb), 774; (Webster), 776; (Orbok), 777; (White), 777; (Crampton), 
778; (Bassett), 782. 

Costs: Butters filter plant. West Springs mill, 1006. 
cement, 341. 

concentrate handling, 1057. 

conveyor belts, 1031, 1035. 

crusher shells, 1042. 

crushing. West Springs mill, 1(X)5. 

cyaniding slime. West Springs mUl, 1006. 

flotation, 1055. 

jigging, 1039. 

osmiridium recovery, West Springs mill, 1006. ^ 

power, 1002. 

precipitation. West Springs mill, 1006. 

redistillation of zinc, 916. 

reduction, 997. 

rock dust, 1169. 

rock dusting, 1175, 1183. 

roll shells, 1035. 

sorting. West Springs mill, 1005. 
tube milling, 1005. 

West Springs mill, 1004. 
zinc, 916. 

Cottrell process, 1066. 

Coyle, F. B.: Discussion on New Developments in High-strength Aluminum Alloys^ 
845. 

Crampton, D. K. : Discussion on Corrosion of Copper Alloys in Sea Water^ 778. 
Crawford, Georoe G. : Discussion on Coal Washing Practice in Alabama^ 1104. 
Crogkard, Franklin H. : Discussion on Blast-fumace Practice in Alabama^ 451. 
Crowe vacuum process, 994. 

Crusher bearings, 1035. 

Crusher shells, costs, 104^. 

Crushing: Am^can Zinc Co. of Tennessee, 1030. 
costs, 1005. 

West Springs mill, 1010. 

Cummer process, 349. 

Cunningham Bros., 407. 

Currie oil fidid, 13^. 

Oury^, Gaussian, 1236. 
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Curves, produetion decline, 1322. 

Cuyuna district, 372. 

Cuyuna manganiferoos iron ores, 386. 

Qyanidation: 994. 
costs, 1006. 

slime, West Springs mill, 1013. 
solutions: dissolved oxygen, 1018. 
sampMng, 1026. 
titration, 1025. 
zincMlust precipitation, 1061. 

Dahlgren gun, 414. 

Dalbet, G. E.: Discussions: on Euiectic Patterns in Metallic AUoySj 666. 
on High Zinc in Lead Blasi-fumaoe Slags, 923. 
on a New Roasting Furnace for Zinc Flotation Concentrate, 950. 
on Recovery of Arsenic and Other Valuable Constituents from Speiss, 966. 
on RedisHUation of Zinc, 918. 

Daniels, Samuel: Discussions: on Casting and Heat Treatment of Some Aluminum- 
Copper-Magnesium Alloys, 887. 
on Coatings Formed on Corroded Metals and AUoys, 793. 
on Etching Aluminum and Its Alloys for Macroscopic and Microscopic Ex- 
amination, 827. 

on the Hardness of Heat-treated Aluminum Bronze, 814. 

Daniels, Samuel, Lton, A. J., and Johnson, J. B. : Casting and Heat Treatment of 
Some Aluminum-Copper-Magnesium Alloys, 864. 

Davis, Alvin L. : Discussions: on the Malleability of Nickel, 719. 

on Scratch and Brinell Hardness of Severely Cdd-roUed Metals, 895. 

Davis, C. H. and Bassett, W. H. : Corrosion of Copper Alloys in Sea Water, 745. 
Davis, Carl R., Willey, J. L., and Ewing, S. E. T.: Recent Developments in the 
Fine Grinding and Treatment of Witwatersrand Ores, 983. 

Davis, J. D. : Discussions: on Coal and Oxygen, 223. 
on Seiective Combustion in Coal, 207, 208. 

Davis, J. D. and Fieldneb, A. C. : Modem Views of the Chemistry of Coals of Different 
Ranks as Conglomerates, 227. 

Dawson, Thomas W.: Bdt Conveying of Coal at H, C. Frick Coke Company Mines, 
1112; Discussion, 1128, 1129. 

Day, David Talbot: biographical notice, 1371. 

portrait, 1372. 

Dean gun, 432. 

Death of grains, 637. 

Decay: differential rates, 69, 70. 
in coal formation, 17, 58. 
plant substances, 69. 
wood, 64. 

Defense program of U. S. in 1885, 421. 

Deformation, effect of, 628. 

Deposition, coal, see Coal, deposition. 

Destructive distillation, coal, 170, 176, 240. 

Desulfurization: cast iron, 4^. 

in basic open-hearth furnace, 516. 

Determination of Dissolved Oxygen in Cyanide Solutions (Weiniq nnd Bowen), 1018; 

Discussion: (Blomfibld and Dtcus), 1026; (Bull), 1028. 

Determination of oil production decline curves, 1322. 
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DeUrminaHan of Structural Composition of Alloys by a MetaHograpkic Planimeter 
(Folubhkin), 669; Discussion: (Rawdon), 687; (Chirvinst^) 689; (Polush- 
inn), 690. 

DeterminaHon of Suspensoids by AUemaUng-^rrent PrecipUaiors (Drinkbb and 
Thomas), 1066. 

Determining the Constants of Oil-production Decline Curves (Roeser), 1315. 
Detonation: by fuse, liquid oxygen explosives, 1274. 

rate, liquid oxygen explosives, 1271. 

Dezincification in corrosion, 781. 

Diffraction effects, 723. 

Diffraction patterns, 725. 

Directors of the Institute, vii. 

Dissolved oxygen in cyanide solutions, 1018. 

Dorr classifier, 995, 1015, 1047. 

Dorr thickeners, 1089. 

Double phosphate, 325. 

Dovel gas^leaning process, 450. 

Dovel pig breaker, 449. 

Drinker, Philip and Thomson, R. M.: DeterminaHon of Suspensoids by Alternating- 
current Precipitators, 1066. 

Ducktown copper district: geology, 301. 
history, 299. 
orebodies, 302. 
production, 301. 

Ducktown, Teni%essee, Copper District (Nelson), 299. 

Durain, 167. 

Duralumin: composition, 829. 
heat treatment, 830. 
mechanism of hardening, 832. 
properties, 829. 

X-ray, 726. 

Dust, 1066. 

Dust collection, cement industry, 345. 

Dusting machines, rock dust, 1173. 

Dwight, Arthur S. : Discussions: on High Zinc in Lead Blast-furnace Slags, 923, 927. 
on a New Roasting Furnace for Zinc Flotation Concentrate, 951, 
on Recovery of Arsenic and Other Valuable Constituents from Speiss, 967. 
Dycus, M. F. and Blompikld, A. L. : Discussion on Determination of Dissolved Oxygen 
in Cyanide Solutions, 1026. 

Eby, J. Brian: Contact Metamorphism of Some Colorado Coals by Inirusives, 246. 
Economics of Rock-dusting Bituminous-coal Mines (Steidle), 1164; Disimssion: 

(Hardinoe), 1182; (Rice), 1182; (Fear) 1183; (Steidle), 1184. 
Economics of the Cuyuna Manganiferous Iron Ores (McCormack), 386; Discussion: 

(Joseph), 393; (Van Evbra), 394; (Pbrin), 394; (Read), 395; (Ives), 395. 
Effect of Sulfur on Blast-furnace Process (Joseph), 453; Discussion: (Franchot), 
463; (Meissner), 465, 469; (Joseph), 465; (Swbbtser), 466, 467; (Hbrty), 
467; (Waechter), 467, 468; (Speller), 468; (Read), 468. 

Effervescing steel, 485, 489. 

Efficacy of rock dusting, 1165. 

Efficiency, precipitation, 1061. 

Eilers, Karl: Discussion on Recovery of Arsenic and Other Valuable Constituents 
X . from Speiss, 967. 

VOL. uaa.--<SS 
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Electric fomaoe, niolybdenum wounds 695. 

Electrical propertiee, aluminum alloys, 860. 

Electrolytic valve, tantalum, 698. 

Elimination of sulfur in open-hearth furnace, 512. 

Elliott, Georob K.: DiwuBsion on Coatings Formed on Corroded MeUds and AUays^ 
792, 793. 

Ellis, O. W. and Schbmnitz, D. A. : Experiments on the Heat Treatment of Alpha-Beta 
BreisSf 794. 

Emley process, 350. 

Endurance properties, aluminum alloys, 847. 

Engineering in Limeetone Production (Griggs), 358; DisenssUm: (Phalen), 364; 

(Rice), 365; (Shallcross), 366; (Bowles), 366; (Rockwood), 367; 
(MuiLIBOn), 368. 

Engle, E. W. : Tantalum^ Tungsten and Molybdenum^ 691. 

Enos, George M. and Anderson, Robert J. : Coatings Formed on Corroded Metals 
and AUoySf 784. 

Erwironmental Conditions of Deposition of Coal (White), 3; Discussion: (Jeffrey), 
23, 27, 28, 29; (Ashley), 24, 27, 29; (Thiessen), 24, 26; (Parr), 25; 
(Begeb), 25; (Nelson), 26, 27; (Kemp), 27; (Moore), 28; (Turner). 
29; (White), 20, 34; (No^), 32; (van der Gracht), 32. 

Enzymes, 58. 

Equilibrium, chemical: in white cast iron, 470. 
iron, oxygen, and carbon, 549. 

Etching Aluminum and Its Alloys for Macroscopic and Microscopic Examination 
(Flick), 816; Discussion: (Daniels), ^7. 

Etching: coal, 117, 128. 
soft metals, 632. 

Eutectic alloys, photomicrographs, 654. 

Eutectic Patterns in Metallic Alloys (Green), 651; Discussion: (Benedicks), 665; 

(Hayward), 666; (Dalbby), 666; (Comstock), 667; (Green), 667. 
Eutectics: binary, 676. 

white cast iron, 683. 

Eutectoid, bronze, 684. 

Evans, Ulick R. and Cook, Maurice: RecrystaUization and Grain Growth in Soft 
Metals, 627. 

Evaporation, liquid oxygen, 1251. 

Ewing, S. E. T., Davis, Carl R., and Willey, J. L. : Recent Developments in the Fine 
Grinding and Treatment of Witwatersrand Ores, 983. 

Experimental mine development, 1145. 

Experiments on the Heat Treatment of Alpha^Bela Brass (Ellis and Schemnitz), 794; 
Discussion: (Bassett), 805. 

Exploration for Petroleum in the lArnagne, France (Werenfels), 1351. 

E]q>losibility of coal dust, 1142. 

EiqiloBion prevention, coal mines, 1185. 

Explorions, coal dust, 1130. 

Ez|dosive testing methods, 1259. 

E3q>lo8iveB, liquid oxygen: available combustibles, 1249, 1252. 
l^chel gage, 1268. 
cartridge paper, 1258. 
detonation by toe, 1274. 
diameter oi cartridge, 1254. 

, explosion by in^uence, 1273. 
explosive properties, 1259. 
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Explosives, liquid oxygen: gases evolved, 1268. 
life of cartridge, 1249. 
pressures produced, 1268. 
propulsive strength, 1262. 
rate of detonation, 1271. 
rate of evaporation, 1257. 
sensitivity, 1274. 
strength, comparative, 1260. 
testing methods, 1259. 
tests in ballistic pendulum, 1261. 
volume vs. strength of cartridge, 1260 

Extruded aluminum alloys, 840. 

Fansteel Products Co., 691. 

Fsab, Thomas G.: Diacusnans: on Rock-dusting Bituminous Coal Mines, 1183. 

on Safeguarding Coal-mining Operations against Danger from OH and Gas 
Wdls, 1218. 

Feild, a. L. : Discussions: on Finishing Mdting Temperatures of Simple Ingot Steels, 
491, 493. 

on the MaUeabUity of Nickd, 718. 

on Reaction between Manganese and Iron Sulfide, 543. 

on Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process, 534. 

Ferrite, in white cast iron, 472. 

Ferrophosphorus: analysis, 507. 

manufacture, 507. * 

Fbttke, Chas. R, : Discussion on Coal in Relation to Coke, 162. 

Fieldner, a. C. and Davis, J. D. : Modem Views of the Chemistry of Coals of Differ^ 
ent Ranks as Cor^glomerates, 227. 

Fieldner, a. C. : Discussions: on Coal and Oxygen, 225. 
on the Constitution of Coal, 182. 

on Modem Views of the Chemistry of Coals of Different Ranks as Conglomer- 
ates, 244. 

on Moisture as a Component of the Volatile Matter of Coal, 286, 288. 
on Progressive Regional Carbonization of Coals, 280. 
on Selective Combustion in Cool, 207. 

Fiss, Milton H.: Discussion on Coal Washing Practice in Alabama, 1102, 1103. 

Filter, Butters, 1013. 

Fine grinding: American Zinc Co. of Tennessee, 1034, 1045. 

Witwatersrand ores, 983. 

Fine jigging, American Zinc Co. of Tennessee, 1042. 

Finishing Mdting Temperatures of Simple Ingot Sleds (Hibb ar d), 476; Discussion: 

(Sauveur), 488, 492; (Sttri), 489; (Lubrssbn), 490, 492; (Zimbrmann), 
491; (FeUiD), 491, 493; (Orrok), 492; (Harringtqn), 493; (Reinarts), 
493; (Le Chatelier), 494; (Priestley), 495; (Gillbtt), 496; (Billiar), 
498; (Barba), 500; (Strauss), 502; (Smith), 504; (Hibbard), 505. 

Finishing mriting temperatures, steel: classification of steels, 477. 
effervescing steel, 485. 
killed sted, 483. 
partly Idll^ steel, 484. 
pouring temperatures, 477, 
variations in casting temperatures, 486. 

Fujp^fighting material, rock dust, 1179. 
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Firing conditions, pulverized coal, 975. 

Flick, Fulton B.: Etching Aluminum and lU AUoyc for MacroBcoP^c and Microscopic 
ExaminaHonf 816. 

Flotation: American Zinc Co. of Tennessee, 1051. 
costs, 1055. 

Flotation concentrates: American Zinc Co. of Tennessee, 1056. 

zinc, roasting furnace, 929. 

Flow of liquids through sands, 1277. 

Flow sheet: American Zinc Co. of Tennessee, 1058, 1059. 

Republic Iron & Steel Go. coal washer, 1096. 
superphosphate plant: Anaconda Copper Co., 330. 

Mountain Copper Co., Ltd., 328. 

Tennessee Coal, Iron & R. R. Co. coal washer, 1100. 

Woodward Iron Co. coal washer, 1094. 

Fluid-level: indicator, 1308. 

in oil-well pumping, 1301. 

Flux, Alabama, 440. 

FoGLEB, M. F. and Quinn, E. J. : Scratch and BrineU Hardness of Severely Cold-rolled 
Metals, 889. 

Foolbb, M. F. : Discussions: on New Developments in High-strength Aluminum Alloys, 
845. 

on RecrystaUisaiion and Grain Growth in Soft Metals, 650. 
on Scratch and BrineU Hardness of Severely Cold-roUed Metals, 895. 

Fohl, W. E.: Discussion on Safeguarding Coal-mining Operations against Danger from 
Oil and Gas Wells, 1220, 1221. 

Folst, Fbancis B.: Discussion on X-ray Evidence versus the Amorphous-metal 
Hypothesis, 735. 

Forbes tube mill, 1050. 

Formation of coating on corroded metal, 786. 

Fort Pitt foundry, 410, 421, 433. 

Foundries, early American, 407. 

Fbanchot, R. : Discussions: on Effect of Sulfur on Blast-furnace Process, 463. 

on Reduction of Iron Ores by Carbon Monoxide, 565, 

Fbancis, W. and Wheeleb, R. V.: Resolution of Coal by Oxidation, 165. 

Fbaseb, Thomas and Yancey, H. F.: Analysis of Performance of a Coal Jig, 1079. 
Fuel consumption, blast furnace, 458. 

Fulton, Chables H. and Read, J. Bubns: A New Roasting Furnace for Zinc Flotation 
Concentrate, 929. 

Fulton, Chables H. : Discussion on a New Roasting Furnace for Zinc Flotation Con- 
centrate, 950, 951, 952. 

Fume, 1066. 

Furnace: copper refining, see Copper refinery furnace, 
roasting, zinc flotation concentrates, 029. 

Furnace lining, 445. 

Fusain: 21, 24, 25, 29, 139, 167, 189. 
in anthracite, 139. 
formation, 21, 24, 25, 29. 

Gabneb, a. Haiolton: OU Geology of Northern Venezuela, 1358. 

Gas: abandoning wells, 1209. 
cleaning, Dovel process, 450. 
explosions, coal mines, 1206. 
oil, and coal, corrdation, 1207. 
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Gas: plugging wells, 1209. 

Seay-CranfiU field, 1334. 

Gas wells, safeguarding coal mines, 1204. 

Gaussian curve, 1236. 

Gatleb, M. L. V. and Hanson, D.: DiBcuaaion on Coating and Heat Treatment of 
Some Aluminunv^pper-magneaium AUoySf 885. 

Gbismbb, H. S.: Coal Washing Practice in Alabama^ 1088; Discussion, 1102, 1103. 
Geology: Clinton group iron ores, Alabama, 304. 

Ducktown district, Tennessee, 30L 
Mascot zinc area, Tennessee, 291. 
northern Venezuela, 1358. 
phosphate deposits, Idaho, 317. 

Gibbs, C. W.: Discussion on Safeguarding Coal-mining Operations against Danger 
from OU and Gas Wells, 1222. 

Gillbtt, H. W.: Discussions: on Finishing Mdting Temperature of Simple Ingot 
Steels, 496. 

on the MaUeabUity of Nickel, 716. 

Glucosides, 45. 

Goostrat, Job, Habbington, R. F., and Hosmer, M. k,: Brief History of MetaUurgu 
cal Practice in Cannon-making wUh Particular Reference to the Cast-iron 
Gun, 404. 

Grading vs. tube-mill capacity, 997. 

Grain growth, 627, 637. 

Grain size: 723. 

effect on corrosion, 760. 

Grains: births, 637. 
deaths, 637. 
growth, 637. 
shrinkage, 637. 

Grant, W. M.: Discussions: on Coal and Oxygen, 226. 

on Selective Combustion in Coal, 208. 

Gray cast iron, photomicrographs, 681, 685. 

Green, C. H. : Eutectic Patterns in Metallic Alloys, 651 : Discussion, 667. 

Greenwood furnace, 415. 

Griggs, C. C. : Engineering in Limestone Production, 358. 

Grinding: charge, banket pebble, 988. 
fine, see Fine grinding, 
media, 1048. 

Growth of grains, 637. 

Grugan, Justice F.: Discussion on Recent Developments in the Fine Grinding and 
Treatment of Witwatersrand Ores, 1016. 

Gulf States Steel Co., coke plant, 1108. 

Gun iron, 427. 

Guns: alloy steel, 422. 

Columbiad, 410. 

Dahlgren, 414. 

Dean, 432. 

German long-range, 425. 
ffitchcock, 431. 
hooped, 427. 

Lyman, 431. 

Mann, 431. 

iii#ieni highr-power, 423. 
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Guns: one-pieoGi 426, 434. 

Parrot, 416, 431. 

Sutcliffo, 432. 

Thompson, 432. 

Treadwdl, 428. 

Woodbridge, 431. 

Gypsum: Cummer process, 349. 

Emley process, 360. 
production, 347. 
rotary calciners, 347. 

Hall, R. D. : Discussion on Moisture as a Component of the Volatile Matter of Coal,2SS. 
Handling concentrates, costs, 1057. 

Hanson, D. and Gatler, M. L. V.: Discussion on Casting and Heat Treatment of 
Some Aluminum-Copper- Magnesium Alloys^ 886. 

Hardening: mechanism: aluminum-copper alloys, 832. 
duralumin, 832. 
theory, aluminum alloys, 835. 

Habdinoe, H. W.: Discussions: on Recent Developments in the Fine Grinding and 
Treatment of Witwatersrand OreSj 1015, 1016. 
on Rock-dusting Bituminous-coal Mines, 1182. 

Hardness: aluminum alloys, 881. 
austenitic steel, 572. 

Brinell, 889. 

copper, 890. 

effect on corrosion, 760. 

iron, 893. 

scratch, 889. 

Hardness of Heat-treated Aluminum Bronze (Comstock), 806; Discussion: (Jones), 
814, 816; (Daniels), 814; (Bregman), 815; (Comstock), 815. 
Harrington, D.: Value of Humidifying Methods in Explosion Prevention in Coal 
Mines, 1185; Discussion, 1201. 

Harrington, R. F.: Discussion on Finishing Melting Temperatures of Simple Ingot 
Steels, 493. 

Harrington, R. F., Hosmer, M. A., and Goostrat, Job: Brief History of Metallurgi- 
cal Practice in Cannon-mdking with Particular Reference to the Cast-iron 
Gun, 404. 

Harris, Elmer F.: Discussion on Coal Washing Practice in Alabama, 1103, 1104. 
Hayward, Carle R.: Discussions: on Eutectic Patterns in Metallic Alloys, 666. 
on High Zinc in Lead Btast-fumace Slags, 922, 923. 
on Recovery of Arsenic and Other Valuable Constituents from Speiss, 966. 
on Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process, 634. 

on X-ray Evidence Versus the Amorphous-metal Hypothesis, 740. 

Hazard examination in coal mines, 1167. 

H. C. Frick Coke Co. mines, 1112. 

Hearth protedJon, 446. 

Heat treatment: aluminum alloys: alloying, 865. 
casting, 867. 
heat treatiiig, 871. 
physical properties, 872. 
testing, 871. 

aluminum-copp^ alloys, 830. 
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Heat treatment: aluminum-copper-magneeium alloys, 864, 871, 886. 
brass: aging, 801. 
alloys used, 795. 
effect of reheating, 795, 798. 
duralumin, 830. 

precipitation, aluminum alloys, 836. 
solution, aluminum alloys, 836. 

Heat-treated aluminum alloys, mechanical properties, 841. 

Heat-treated aluminum bronze, hardness, 806. 

Henderson Steel Co., 399. 

Hsrtt, C. H., Jr., and True, O. S. : Reaction between Manganese and Iron StUfide, 540. 

Hertt, C. H., Jr., Belyea, A. R., Burkart, E. H., and Miller, C. C.: Some Factors 
Affecting the Elimination of Sulfur in the Basic Open-hearth Process, 512. 

Hertt, C. H., Jr. : Discussions: on Effect of Sulfur on Blast-furnace Process, 467. 
on Reaction between Manganese and Iron Sulfide, 547. 
on Reduction of Iron Ores by Carbon Monoxide, 566, 567. 
on Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process, 532, 533, 534, 536, 537, 539. 

Hesse, A. W.: Belt Conveying of Coal at H, C, Frick Coke Company Mines, 1129. 

Safeguarding Coal-mining Operations against Danger from Oil and Gas Wells, 
1204; Discussion, 1213, 1218, 1221. 

Heuer, R. P.: Discussion on X-ray Evidence Versus the Amorphous-metal Hypothesis, 
740. 

Hibbard, Henry D. : Discussion on Some Factors Affecting the Elimination of Sulfur 
in the Basic Open-hearth Process, 532. ^ 

Hibbard, Henry D.: Finishing Melting Temperatures of Simple Ingot Steels, 476; 
Discussion, 505. 

High-strength aluminum alloys, 828. 

High Zinc in Lead Blast-furnace Slags (Beasley), 919; Discussion: (Canby), 921, 
923, 928; (Beasley), 922, 923, 926, 927; (Lloyd), 922, 925, 927; (Hay- 
ward), 922, 923; (Dalbey), 923; (Dwight), 923, 927; (Witherell), 
925; (Mathewson), 925; (Walker), 926; (O'Harra), 927; (Linville), 
927. 

Hird, Anna Nicholson and Schwartz, H. A.: Chemical Equilibria during Solidifica- 
tion and Cooling of White Cast Iron, 470. 

Historical geology, Venezuela, 1366. 

History of cannon-making, 404. 

Hitchcock gun, 431. 

Hobart, F. B. and Farr, S. W,: Coal and Oxygen, 216. 

Holbrook, E. A. : Discussion on Schedule Rating Coal Mines in Pennsylvania for 
Compensation Insurance Rates, 1234. 

Honorary members, id. 

Hooped guns, 427 

Hobler, Rush N. : Schedule Rating Coal Mines in Pennsylvania for Compensation 
Insurance Rates, 1226. 

Hosmer, M. a., Goostrat, Job, and Harrington, R. F. : Brief History of Metallur- 
gical Practice in Cannon-mcdcir^ with ParHcvlar Reference to the Cast-iron 
Gun, 404. 

Hot wall, action of, 597. 

Humidifying methods, coal mines, 1185. 

Hurlburt, a.: Discussion on Safeguarding Coal-mining Operations againsl Danger 
from OH and Gas Wells, 1218. 

Hygri^picity, rock and coal dust, 1171. 

Hypothesis, amorphous metal, 720. 
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Idaho, phosphate, 308. 

Idaho Phosphate Co., 334. 

Ignition temperature, coal, 220, 221. 

Illinois, rock dusting, 1194. 

Impurities in spelter, see Zinc, impurities. 

Increasing ProdwHon of Petroleum by Increasing Diameter of Wells (Uren), 1276; 

Discussion: (Thompson), 1296; (Uren), 1299. 

Institute of Metals Division, Milwaukee meeting, 1924, xxxiii. 

Insurance, compensation, rating coal mines, 1226. 

Investigations, coal dust, 1130. 

Iron: cast, see Cast iron. 

cold rolled, hardness, 893. 
cost, 462. 
in spelter, 899. 
manganiferous, 389. 

Iron ore: Alabama, 304, 438. 
manganiferous, 372, 386. 
reduced, photomicrograph, 558. 
reduction by carbon monoxide, 549. 

Iron sulfide, 540. 

Ives, L. E.: Discussion on Economics of the Cuyuna Manganiferous Iron Ores, 395. 
Janney cleaner cell, 1053. 

Jeffrey, Edward C.: Coal in Relaiion to Coke, 149; Discussion, 161. 

Discussions: on Environmental Conditions of Deposition of Cool, 23, 27, 28, 29. 
on Microscopical Constitution of Coal, 114, 115. 
on Microscopical Structure of Anthracite, 143. 
on Resolution of Coal by Oxidatum, 174, 175. 

Jeffries, Zat: Discussions: on New Developments in High-strength Aluminum AUoys, 
845. 

on X-ray Evidence Versus the Amorphous-metal Hypothesis, 732. 

Jeffries, Zay and Archer, Robert S. : New Developments in High-strength Aluminum 
AUoys, 828; Discussion, 861. 

Jig:' coal, 1079. 

concentrates, American Zinc Co. of Tennessee, 1056. 

Cooley, 1036. 

Jigging: American Zinc Co. of Tennessee, 1035, 1042. 
costs, 1039. 
tests, 1081. 

Johnson, J. B., Daniels, Samitel, and Lyon, A. J. : Casting and Heat Treatment of 
Some Aluminum-Copper-Magnesium AUoys, 864. 

Jolly, J. and Wheeler, R. V.: Organic Sulfur Compounds in Coal, 184. 

Jones, Jesse: Discussion on the Hardness of Heat-treated Aluminum Bronze, 814, 815. 
Jorgensen, F. F. : Discussions: on Belt Conveying of Coal at H. C, Frick Coke Company 
Mines, 1128. 
on Coal and Oxygen, 225. 

Joseph, T. L.: Effect of Sulfur on Blast-furnace Process, 453; Discussion, 465. 
Discussions: on Economics of the Cuyuna Manganiferous Iron Ores, 393. 
on Reduction of Iron Ores by Carbon Monoxide, 564. 
on Reaction hetueen Manganese and Iron Sulfide, 547. 

Kamura, Hbihachi: Reduction of Iron Ores by Carbon Monoxide, 549; Discussion, 667. 
Kelly, William: Discussion on Coal Washing Practice in Alabama, 1102, 1104. 
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KxMPy James F, : Diaeusnana: on Coal in Rdakon to Coke, 160. 
on Environmental CondUiona of Depoaition of Coal, 27. 
on Microacopieal Strudure of Anthracite, 144. 

Kern, Edward F. : Diacuaaion on Recovery of Arsenic and Other Valuable Conatituenta 
from Speiaa, 966. 

KiUed steel, 483. 

Kino, C. D.: Diacuaaion on Some Factors Affecting the Elimination of Sulfur in the 
Basic Openrhearth Process, 535, 536, 537, 538. 

Kirkham, Virgil R. D. : Phosphate Deposits of Idaho and Their Relation to the World 
Supply, 308. 

Knerr, Horace C.: Discussion on New Developments in High-strength Aluminum 
Alloys, 852. 

Knickerbocker, A. K.: Discussion on Manganiferous Iron Ores of Cuyunu District, 
382. 

Koppers coke ovens, Alabama, 1107. 

Ladd & Baker pig breaker, 449. 

Lahee, Frederic H. : Comparative Study of Well Logs on the Mexia Type of Structure, 
1329. 

Laird, Donald A.: Discussion on Application of Gaussian Curve to Mining Industry, 
1246. 

Larkey, Charles S. : Mathematical Determination of Production Decline Curves, 1322. 

Lead blast furnace, slag, zinc in, 919. 

Lead: in spelter, 898. 

photomicrograph, 635. 

Lb Chateuer, Henri: Discussion on Finishing Melting •^Temperatures of Simple 
Ingot Steels, 494. 

Lepsoe, Robert: Precipitation Efficiency of Zinc Dust in Cyanide Process, 1061. 

Lester, H. H.: Discussion on X-ray Evidence Versus the Amorphous-metal Hypothesis, 
737. 

Life of cartridge, liquid oxygen explosives, 1249. 

Lignin : analysis, 42. 

in wood and coal, 40, 42. 

Lignocellulose, 39. 

Limestone: Michigan Limestone & Chemical Co., 361. 
production, 352, 358. 

Limestone Production as a Mining Problem (Thoenen), 352; Discussion: (Bowles). 
357; (Singbwald), 357; (Russell), 357. 

lining, furnace, 445. 

Linville, Clarence P.: Recovery of Arsenic and Other Valuable Constituents from 
Speias, 953; Discussion, 965, 966, 967. 

Discussion on High Zinc in Lead Blast-furnace Slags, 927. 

Liquation, zinc, 908. 

Liquid oxygen: explosives, see Explosives, liquid oxygen. 
rate of evaporation, 1251. 

Lloyd, R. L. : Discussion on High Zinc in Lead Blast-furnace Slags, 922, 925, 927. 

Local sections of the Institute, executive committees, xiv. 

Locke, Charles £. : Discussions: on Precipitation Efficiency of Zinc Dud in Cyanide 
Process, 1065. 

on Recent Developments in the Fine Grinding and TreatmerU of Witwatersrand 
Ores, 1014. 

Logs, oil-wdl, 1340. 

LoNGE|opTH, F. J.: il^melHng Copper Concentrates in a Converter, 969. 
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L. O. X., see Exjiiotwea^ Uquid wcygen. 

Ludwig-^ret action, 616. 

Lttebssbn, Gbobgb V.: Diwusnon on Finishing MeUting Temperalures of Simjde 
Jngoi Suds, 490, 492. 

Lyman gun, 431. 

Lyon, A. J., Danibls, Samubl, and Johnson, J. B,: Casting and Heat Treatment of 
Some Alundnum-Copper^Magnesium AUoys^ 864. 

Machineability, aluminum alloys, 842. 

Macrographs: aluminum alloy, extruded, 823. 
aluminum alloy ingot, 8^. 
aluminum alloy test bar, 821. 
aluminum ingot, 819. 
aluminum-manganese alloy: ingot, 818. 

rolled, 822. 
aluminum sheet, 817. 

Macroscopic examination: aluminum, etching, 816. 
aluminum alloys, etching, 816. 

Magnesium, effect in nickel, 713. 

Magnetic properties, austenitic steel, 574. 

Malleability of Nickd (Mbbica and Waltbnbbbg), 709; Discussion: (Gillbtt), 716; 
(St. John), 717; (McKbbhan), 718; (Fbild), 718; (Davis), 719. 

Malleability, nickel, see Nickd, maUeabilUy, 

Manganese: effect in nickel, 713. 

function in steel metallurgy, 388. 

Manganese sulfide: 540. 

photomicrograph in steel, 541, 542. 
reaction with iron sulfide, 540. 

Manganiferous iron, 389. 

Manganiferous iron ores: Cuyuna district: 386. 
black and brown ores, 375. 
chemical composition, 377. 
classes, 373. 
distribution, 375. 
future possibilities, 379. 
production, 376. 
reserves, 379. 
production, 387. 

Manganiferous Iron Ores of Cuyuna District, Minnesota (Zafffb), 372; Discussion: 
(Knickbbbockeb), 382; (Zafffb), 384. 

Mann gun, 431. 

Mansfibld, G. R. : Discussion on Phosphate Deposits of Idaho and Their Bdation to 
the World Supply, 336. 

Monvfacture of Ferrosphosphorus at Rockdale, Tenn, (Babb), 507. 

Manufacturing Problems of Cement Industry (Pobteb), 339. 

Maracaibo basin, Venezu^a, 1360. 

Marketing, phoQ>hate, 332. 

Mascot, Tenn., Ammcan Zinc Co., 1029. 

Mascot, Tennessee, Zinc Area (Nblbon), 289. 

Mascot sine area: geology, 291. 
history, 289. 
ores and min^als, 295. 
origin of ore, 297. 
production, 290. 
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MaihemaHcdl DeterminaHon of Production Decline Curvee (Larket), 1322. 

Mathews, John A.: Austenite and Auatenitic SteeUf 568. 

Mathswson, E. P.: Diacuasions: on Application of Pulverized Coal to Copper Refinery 
Fumacea, 982. 

on High Zinc in Lead Blaat-fumace Slaga, 925. 

on Recovery of Arsenic and Other Valuable ConatUucnta from Speiaa, 968. 
McAdam, D. J., Jr.: Discussion on New Developments in HighrStrength Aluminum 
Alloys, 846. 

McCormack, C. P. : Economics of the Cuyuna Manganiferous Iron Ores, 386. 
McFarlane, Geo. C.: Discussion on Contact Metamorphism of Some Colorado Coals 
by Intrusives, 251. 

McKbehan, L. W. : Discussions: on the Malleability of Nickel, 718. 

on X-ray Evidence Versus the Amorphous-metal Hypothesis, 740. 

McKnight, Charles, Jr.: Discussion on Brief History of Metallurgical Practice in 
Cannon-making with Particular Reference to the Castriron Gun, 433. 

Meals, S. W. : Discussion on Safeguarding Coal-mining Operations against Danger from 
Oil and Gas Wells, 1223. 

Mechanical properties, aluminum alloys, 840. 

Meissner, C. A. : Discussions: on Blast-furnace Practice in Alabama, 450. 

on Effect of Sulfur on Blast-furnace Process, 465, 469. 

Melting point, steel, 477, 491. 

Merica, Paul D. and Waltenberg, R. G. : The Malleability of Nickel, 709. 

Merrill press, 994. 

Metabolism, 58. 

Metallic coatings, photomicrographs, 788, 789, 790. 

Metallographic planimeter, 669. ^ 

Metals: cold rolled, hardness, 889. 
corroded, coatings, 784. 
soft: annealing, 636. 
etching, 632. 
grain growth, 627. 

Mexia fault zone, 1329. 

Mexia oil field, 1330. 

Mexia structure, 1329, 1338. 

Michigan Limestone & Chemical Co., 361. 

Microscopic examination: aluminum, etching, 816. 
aluminum alloys, etching, 816. 
coal, see Coal, microscopic examination. 

Microscopical Structure of Anthracite (Turner), 127; Discussion: (Moore), 142; 
(Jeffrey), 143; (Thiessen), 143; (Rose), 144; (Kemp), 144; 
(White), 144; (Seyler), 145; (Nofi), 147. 

Microscopical Constitution of Coal (Thiessen), 35; Discussion: (Jeffrey), 114, 115; 

(Thiessen), 114, 115; (Sweetser), 114; (White), 114, 115. 

Microstructure: anthracite, 119, 127. 
austenitic stedi, 575. 
coal, 35, 85, 117, 127, 153. 
effect of reheati^ quenched brass, 794. 

Microstructure of Coal (Seyler), 117. 

Mill sampling y American Zinc Co. of Tennessee, 1057. 

Mill solutions: dissolved oxygen in, 1018. 
sampling, 1026. 
titration^ 1025. 

Miller P. C., Hertt, C. H., Jr., Belyea, A. R., and BxmKART, £. H.: Some Factors 
Affecting the EliminaHon of Sulfur in the Basic Open-hearth Process, 512. 
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Millbb, F. W.: Byprodfuct Coking in Alabama^ 1106. 

Miller, Willet G., biographical notice, 1376. 

MiUing Practice of American Zinc Co, of Tennessee at Mascot (Amicon), 1029. 
MinuBON, GkOBGs: Discussion on Engineering in Limestone Produ(dion, 368. 
Mill-water supply, American Zinc Co. of Tennessee, 1055. 

Milwaukee meeting, 1924, Institute of Metals Division, xxxiii. 

Mine gases, coal mines, 1189. 

Mineral chmrcoal, 21, 24, 25, 29, 30, 139. 

Mining industry, Gaussian curve in, 1236. 

Mining, limestone, 352, 368. 

Minnesota, manganiferous iron ores, 372. 

Modem Vieu:s of the Chemistry of Coals of Different Ranks as Conglomerates (Fibldnbb 
and Davis), 227; Discussion: (Pabb), 243; (White), 243; (Thibssbn), 
244; (Fibldnbb), 244; (Setleb), 245. 

Moisture as a Component of the VclatUe Matter of Coal (Thom), 282; Discussion: 

(Fibldnbb), 286, 288; (Pabb), 286; (Sbyleb), 287; (Thom), 287, 288; 
(Hall), 288. 

Molybdenum: electric furnace resistor, 695. 
physical properties, 692. 
uses, 694. 

Moobe, E. S. : Discussions: on Environmental Conditions of Deposition of Coal, 28. 

on Microscopical Structure of Anthracite^ 142. 

Mountain Copper Co., Ltd., superphosphate, 328. 

Musset, H. E.: Blast-fumace Practice in Alabama^ 436; Discussiony 451. 

Nelson, Wilbub A. : Duchtowny Tennessee, Copper District, 299. 

Mascot, Tennessee, Zinc Area, 289. 

Discussion on Environmental Conditions of Deposition of Coal, 26, 27. 

New Developments in High-strength Aluminum Alloys (Abcheb and Jeffbieb), 828; 

Discussion: (Coyle), 845; (Foglbb), 845; (Rawdon), 845; (Jeffbies), 
845; (McAdam), 846; (Knebb), 852; (Schweizeb), 854; (Abcheb and 
Jeffbies), 861. 

New Richland oil fidd, 1338. 

New. Roasting Furnace for Zinc Flotation Concentrate (Fulton and Read), 929; Discus- 
sion: (Dalbey), 950; (Fulton), 950, 951, 952; (Withebell), 951; 
(Dwight), 951; (O’Habba), 951; (Stock), 952; (Obtgben), 952. 

New York meeting, 1925, proceedings, xxxiv. 

Nickel: and oxygen, 715. 

malleability: effect of manganese and magnesium, 713. 
effect of oxygen, 715. 
non-malleability, reasons, 710. 
structural form of sulfur in nickel, 712. 
photomicrographs, 712. 
physical properties, 692. 
sulfur in, 712. 

X-ray examination, 717. 

Nickel speiss, arsenic recovery, 958. 

Nickel steel, 570. 

Nitn^n: eyde in biochemistry, 61. 
fixation, by bacteria, 63. 
in coal, 169, 211. 

Nitrogenous Constituents of Coal (Cobb), 211; Discussion: (Pabb), 214^ 215; (Ross), 
214; (Thdbssbn), 214, 215. 
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Noble, Townsend A Co., 406. 

Not, A. C.: Di9ctt$9ionB: an Enaironmenial CondtHana of DeposUian of Coaly 32. 
on Microscopical Structure of Anthracite, 147. 
on Progressive Regional Carbonization of Coals, 281. 

Nobbis, R. V. : Discussions: on Safeguarding Coal-mining Operations against Danger 
from OH and Oas Wells, 1221. 
on Coal Washing Practice in Alabama, 1105. 

Nobton, John T. and Andebbon, Robebt J.: X~ray Evidence Versus the Amorphous- 
metal Hypothesis, 720; Discussion, 742. 

Notes on the Clinton Group in Alabama (AiiDRiCH), 304. 

Officers and Directors of the Institute, vii. 

O’Habba, B. M. : Discussions: on High Zinc in Lead Blast-furnace Slags, 927. 

on a New Roasting Furnace for Zinc Flotation Concentrate, 951. 

Oil: abandoning wells, 1209. 

available underground supply, 1320. 

Balcones fault sone, 1329. 

Currie field, 1330. 

curves of production decline, 1313. 

flow of liquid through sands, 1277. 

fluid-level indicator, 1308. 

fluid-level in pumping, 1301. 

gas and coal correlation, 1207. 

geology, Venezuela, 1358. 

increasing production, 1276. 

increasing well diameter, 1276, 1283. 

interpretation of subsurface conditions, 1340. 

Mexia fault zone, 1329. 

Mexia field, 1330. 

Mexia structure, 1329, 1338. 

New Richland field, 1338. 
plugging wells, 1209. 

PoweU field, 1335. 

production decline curves: 1315, 1322. 

Burbank pool, 1322. 

Tulsa Co., 1325. 
pumping: fluid level, 1301. 
rate, 1312. 

safeguarding coal mines, 1204. 

Seay-CranfiU field, 1334. 
source of water, 1313. 
subsurface conditions, 1340. 
well logs, 1329. 
well records, 1346. 

OH Geology of Northern Venezuela (Garner), 1358. 

Oil shale, photomicrograph, 150. 

Oil wells: abandoning, 1209. 

increasing diameter, 1276, 1283. 
logs, 1329, 1340. 
plugging, 1200. 
pumping, 1301, 1312. 
records, 1346. 

safefl^i^rding coal mines, 1204. 
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Oils, essential, in coal, 49. 

Oldham, W. H.: DitcuwUm on BUui-fumaee PracHce in Alabama^ 452. 

Open-hearth process: pouring temperatures, 479, 495, 499. 
pyrometw measurements, 402. 

SUlfor 512. 

Operating results. West Springs mill, 1004. 

Ore dressing: Rand, 983. 

Witwatersrand ores, 983. 

Organic Suifur Campoundc in Coed (Jolly and Whebler), 184; Diccuenon: (Parr), 
188. 

Origin: coal, see Coed deposition. 
fusain, 21, 24, 25, 29. 
sine ore, Mascot area, Tennessee, 297. 

Orbok, George A. : Discussions: on Brief History of Metallurgical Practice in Cannon^ 
making with Particular Reference to the Cast-iron Gtm, 420. 
on Corrosion of Copper Alloys in Sea Water, 777. 
on Finishing Melting Temperatures of Simple Ingot Steels, 492, 493. 
on Some Factors Affecting the Elimination of Sulfur in the Basie Open-hearth 
Process, 538. 

Osmiridium recovery, costs, 1006. 

OsTQREN, G. L. : Discussion on a New Roasting Furnace for Zinc Flotation Concentrate, 
952. 

Oxidation, coal, see Coal, oxidation. 

Oxygen: and coal, 216. 
and nickel, 715. 

explosives, liquid, see Explosives, liquid oxygen, 

Pallister, H. D.: Discussion on Coal Washing Practice in Alabama, 1102. 

Parr, S. W. and Hobart, F. B. : Coal and Oxygen, 216. 

Parr, S. W. : Discussions: on Coal and Oxygen, 224, 225, 226. 
on Coal in Relation to Coke, 160. 
on Environmental Conditions of Deposition of Coal, 25. 
on Modem Views of the Chemistry of Coeds of Different Ranks as Conglomer- 
ates, 243. 

on Moisture as a Component of the Volatile Matter of Coal, 286. 
on Nitrogenous Constituents of Coal, 214, 215. 
on Organic Sulfur Compounds in Coal, 188. 
on Resolution of Coed by Oxidation, 174. 
on Selective Combustion in Coal, 209. 

Parrot gun, 415, 430. 

Peat, composition of bog, 72. 

Peat wood, chemical and physical nature, 76. 

Pectin, 37, 68. 

Pencoid works, 399. 

Perin, C. P.: Discussion on Economics of the Cuyuna Manganiferous Iron Ores, 394. 
Permitted explosives, 1136, 1142. 

Perrott, G. St. J. : Properties of lAquid-oxygen Explosives, 1248. 

Petroleum, see Oil. 

Phalen, W. C.: Discussion on Engineering in Limestone Production, 364. 

Phoiq)hate: American Phosphate Corpn., 333. 

Anaconda Copper Mining Co., 333. 

Bear Lake Phosphate Co., 334. 

Idaho: companies, 333. 



INDEX 


1407 


I^ospbate: Idaho: deposits, 316. 
devdopment, 333. 
economic factors, 324. 
geology, 317. 
marketing, 332. 
mining methods, 323. 
origin, 321. 
production, 333. 
reserves, 332. 
superphosphate, 325. 
typical plants, 328. 
volatilization processes, 326. 

Idaho Phosphate Co., 334. 
marketing, 332. 
reserves, 332. 

San Francisco Chemical Co., 331, 333, 334 
superphosphate, 325. 

Utah Fertilizer and Chemical Mfg. Co., 33d. 
volatilization processes, 326. 
world’s deposits, 309. 
world’s supply, 308. 

Phosphate Deposits of Idaho and Their Relation to the World Supply (Kibkham), 308; 

Discussion: (Wilder), 335; (Willis), 335; (Mansfield), 336; (Stone), 
337; (Armstrong), 338. 

Phosphide eutectic, 681, 685. 

Phosphoric acid, 326. 

Phosphorus, 326. 

Photography, 634. 

Photomicrographs: aluminum bronze, 811, 812. 
aluminum-magnesium alloy, 826. 
aluminum-zinc eutectic, 660. 
anthracite, 120, 130. 
anthraxylon, 92. 
antimony-copper eutectic, 662. 
antimony-tellurium eutectic, 663. 
arsenic-nickel eutectic, 661. 
arsenic-tin eutectic, 660. 
attritus, 107. 

austenitic steels, 576, 579, 590. 
bismuth-lead eutectic, 654. 
bismuth-lead-tin alloy, 678. 
bismuth-tdlurium eutectic, 663. 
bismuth-tin eutectic, 676. 
brass, 765, 796. 
bronze, 684, 766. 
cadmium, 635. 

cadmium-tin eutectic, 655, 660. 
cadmxum-zino eutectic, 658, 659. 
oannel coal, 150. 
charcoal, 144. 
coal, 92, 130, 154. 
ooppcoHulver eutectic, 679. 
eut^uo alloys, 654. 
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Photomiorographs: iron phosphide in gray cast iron, 681. 
lead, 635. 

lead-telliirium eutectic, 657. 
magneshim-tin eutectic, 658. 
manganese sulfide in steel, 541, 542. 
metallic coatings, 788. 
nickel, 712. 
oil shale, 150. 

’ phosphide eutectic in gray cast iron, 685. 
reduced iron, 558. 
tantalum, 702, 704. 
tellurium-tin eutectic, 656. 
tin, 635. 

tin-lead eutectic, 660. 

tin-zinc eutectic, 662. 

white cast iron eutectic, 656, 661, 683. 

wood sections, 78. / 

Physical properties: aluminum alloys, 841, 872. 
copper, 692. 
molybdenum, 692. 
nickel, 692. 
platinum, 692. 
tantalum, 692. 
tungsten, 692. 

Physiological effect, rock dust, 1170. 

Pig bed molder, 448. 

Pig breaker, 449. 

Pig iron, Alabama, 441. 

PniUNQ, N. B.: Discussion on Chemical Equilibria during Solidification and Cooling 
of White Cast Iron, 473. 

Planimeter, metallographic, 669. 

Planimeter method of alloy-structure determination: accuracy, 674. 
calculation of proportional weight of constituents, 673. 

* conditions of work, 675. 

determination of analysis of alloys with known constituents, 685. 
determination of composition of unknown constituents in binary alloys, 686. 
determination of ultimate composition of binary eutectics, 676. 

Plant chemistry, 35. 

Plant decomposition, 69. 

Plant growth, 68. 

Platinum, physical properties, 692. 

Plugging oil wells, 1209. 

Polished surfaces, diffraction patterns produced by, 725. 

PoLTTBHKjN, E. F.: Determination of Structural Composition of Alloys hy a Metalloh 
graphic Planimeter, 669; Discussion, 690. 

PoBTBB, John J. : Manufacturing Problems of Cement Industry, 339. 

Portrait: dark, William A., 1374. 

Day, David Talbot, 1372. 

Pouring temperatures, 477, 495, 499. 

Powell oil field, 1335. 

Power comnin^Uon: American Zinc Co. of Tennessee, 1060. 

West Springs mill, 1009. 

Power costs, 1002. 
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Precipitation: ooets, 1006. 

efficiency, sine dust: determination, 1061. 
sources of sine dust, 1063. 
vs. fineness, 1063. 

PreeipUaHon Efficiency of Zinc Duel in Cyanide Process (Lepsoe), 1061; Discussion: 
(Bbown), 1065; (Locke), 1065. 

Precipitation hardening, aluminum alloys, 856. 

Precipitation heat treatment, aluminum alloys, 836. 

Precipitators, alternating current, 1066. 

Prevention of coal dust, 1166. 

Price, W. B. : Discussion on Corrosion of Copper Alloys in Sea Water, 774. 

Priestlet, William J.: Discussion on Finishing Melting Temperatures of Simple 
Ingot Steels, 495. 

Proceedings: Birmingham meeting, 1924, xxix. 

New York meeting, 1925, xxxiv. 

Production decline curves, petroleum, 1322. 

Progressive Regional Carbonization of Coals (White), 253; Discussion: (Fieldneb), 
280; (Turner), 280; (van dbr Gracht), 280; (Noi), 281. 

Properties of Liquid-oxygen Explosives (Pbrrott), 1248; Discussion: (Rice), 1275. 

Properties, liquid-oxygen explosives, see Explosives, liquid oxygen. 

Propulsive strength, liquid oxygen explosives, 1262. 

Protection: bosh, 445. 
hearth, 446. 

Pulverised coal, see Coal, pulverized. 

Pulverizers, rock dust, 1171. 

Pumping, oil wells: fluid level, 1301. 
rate, 1312. 

Ptnb, Francis R.: Discussion on Application of Pulverized Coal to Copper Refinery 
Furnaces, 982. 

Pyrometer measurements, open-hearth furnace, 402. 

Quenched aluminum alloys, mechanical properties, 841. 

Quenching: air, aluminum alloys, 853. 

temperature, aluminum alloys, 873, 886. 

Quinn, E. J. and Fooler, M. F. : Scratch and BrineU Hardness of Severely Colder oiled 
Melds, 889. 

Rand district: banket pebbles as grinding charge, 988. 
belt conveyors, 1010. 

Brakpan mines, 986. 

Butters filter plant, 1006, 1013. 
capital expenditure, 1001. 
classifiers, 995, 1015. 
costs, 1004, 1005. ^ 

Crowe vacuum process, 994. 
crushing, 1005, 1010. 
cyanidation, 994. 
oyaniding costs, 1006. 
grading, 997. 

Merrill press, 994. 
operating results, 1004. 
ore dressing, 983. 
osmiridhim recovery, 1006. 
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Rand district: power consumption, 1009. 
power costs, 1002. 
precipitation costs, 1006. 
recovery, 1013. 
reduction costs, 997. 
running time, 997. 
sorting costs, 1005. 

Spring mines, 990, 994. 
tube mills, 9^, 1015. 
tube-mill capacity, 997. 
tube-mill costs, 1005. 
tube-mill feed, 984, 991. 

West Springs, Ltd., 998. 

West Springs mill, 1004. 

Rate of detonation, liquid oxygen explosives, 1271. 

Rating coal mines for compensation insurance, 1226. 

Raw materials, rock dust, 1169. 

Rawdon, H. S.: Discussions: on Determination of Structural Composition of Alloys 
by a Metallographic Ptanimeter^ 687. 
on New Developments in HighrS^rengih Aluminum Alloys^ 845. 
on Reaction between Manganese and Iron Svlfidsy 547. 
on Scratch and Brinell Hardness of Severely Cold^roUed Metals, 894, 895, 896. 
Reaction between Manganese and Iron Sulfide (Hertt and True), 540; Discussion: 

(Feild), 543; (Rawdon), 547; (Herty), 547; (Joseph), 547; (Styri), 547. 
Reactions, blast furnace, 508. 

Read, J. Biirns and Fulton, Charles H. : A New Roasting Furnace for Zinc Flotation 
Concentrate, 929. 

Read, T. T.: Discussions: on Application of Gaussian Curve to Mining Industry ,1247. 

on Effect of Sulfur on Blast furnace Process, 468. 

Recent Devdoitments in the Fine Grinding and Treatment of Witwatersrand Ores 
(Davis, Willey, and Ewing), 983; Discussion: (Locke), 1014; 
(Hardinge), 1015, 1016; (Spicer), 1015, 1016, (Brown), 1015, 1016; 
(Grugan), 1016, (Canby), 1016. 

Records, rock dusting, 1172. 

Recovery of Arsenic and Other ValucMe Constituents from Speiss: (Linville), 953; 

Discussion: (Hayward), 965; (Linvtllb), 965, 966, 967; (Kern), 966; 
(Dalbey), 966; (Dwight), 967; (Filers), 967; (Mathewson), 968. 
Recrystallization and grain growth: annealing temperature, 630, 645. 
degree of deformation, 628, 645. 
grain birth, growth, shrinkage, and death, 637. 
metallographic operations, 632. 
statistical study, 631. 

Recrystallisation and Grain Growth in Soft Metals (Cook and Evans), 627; Discussion: 

(Fogleb), 650. 

Red shortness, steel, 718. 

Redistillation, spelter, 900. 

RedistiUation of Zinc (Stock), 897; Discussion: (Dalbbt), 918; (Stock), 918. 
Redistillation, zinc: analyses, 900. 
cadmium control, 912 
costs, 916. 

grade A by single distillation, 916. 
other methods of refining, 917. 
redistillation, 900. 
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EediBtOlation, sine: retorts, 915. 
settlmg tanks, 908. 
specifications, 906 
spelter impurities, 898. 

Reduction, iron ore, by carbonmonoxide: chemical equilibrium, 549. 
rate, 554. 

reducibility and density of ore, 560. 

Reduction of Iron Ores by Carbon Monoxide (Kamuba), 549; DiacueHon: (Joseph), 
564; (Fbanchot), 565; (Sweetser), 566; (Hebty), 566, 567; (Kamxtba), 
567. 

Reduction temperature, iron ore, 552. 

Refining: furnace, copper: cycle of operations, 975. 

pulverized coal in, 972. 
zinc, 917. 

Reger, David B. : Diacussion on Environmental Conditions of Deposition of Coal, 25. 

Reheating: aluminum alloys, 879, 887. 

quenched brass, effect on microstructure, 795. 

Reinartz, L. F. : Diacussiona: on Finiahing Melting Temperaturea of Simple Ingot 
Steela, 493. 

on Some Factora Affecting the Elimination of Sulfur in the Basic Openrhearth 
Proceaa, 532, 533, 534, 537. 

Reports, rock dusting, 1176. 

Representatives of the Institute in other organizations, xxiii. 

Republic Iron and Steel Co., coal washer, 1096. 

Reserves: manganiferous iron ores, 379. 

phosphate, 332. ^ 

Resins and resinic acids, in coal, 51, 115. 

Resolution of Coal by Oxidation (Francis and Wheeler), 165; Discussion: (Jeffrey), 

174, 175; (Parr), 174; (Sinkinson), 174; (Thiessbn), 174; (White), 

175. 

Retorts, care of, 915. 

Review of Coal-dust Investigations (Rice), 1130. 

Rice, George S.: Review of Coal-duat InvesUgaHons, 1130. 

Discussions: on Properties of Ldquid-oxygen Explosives, 1275. 

on Rock-dusting Bituminous-coal Mines, 1182. 

on Safeguarding Coal-mining Operatiorhs against Danger from Oil and Gas 
Wells, 1219, 1222. 

on Selective Combustion in Coal, 208. 

on Valus of Humidifying Methods in Explosion Prevention in Coal Mines, 
1197. 

Rice, John: Discussion on Engineering in Limestone Production, 365. 

Roane Iron Co., 399. 

Roasting furnace, zinc dotation concentrate, 929. 

Rock dust: barriers, 1178. 
cost, 1169. 
distribution, 1172. 
effect on illumination, 1179. 
fire fighting material, 1179. 
hygrosoopicity, 1171. 
physiologieal effect, 1170. 
pulverisers, 1171. 
raw materials, 1169. 
stemming material, 1180. 



1412 


INDEX 


Rock dustiiig: 1H9, 1164. 
coal mines, 1195. 
cooperative research, 1181. 
cost, 1175, 1183. 
efficaoy, 1165. 
general application, 1171. 

Illinois, 1194. 
intake air courses, 1189. 
machines, 1173. 
records, 1172. 
reports, 1176. 
standard practice, 1165. 

Rockwood, Nathan C.: Discussion on Engineering in Limestone Production^ 367. 

Rodman, T. J., 411. 

Rodman’s process, 411. 

Roeseb, Habby M.: Determining the Constants of OiLproduction Decline Cwrves^ 1315. 

Roll shells, costs, 1035. 

Rose, H. J.: Discussions: on Coal and Oxygen, 224, 225. 
on Microscopical Structure of AnthracUe, 144. 
on Nitrogenous Constituents of Coal, 214. 
on Selective Combustion in Coal, 208. 

Rotary Calciners for Gypsum (Wildeb), 347; Discussion: (Abmstbong), 351. 

Russell, S. R. : Discussion on Limestone Production as a Mining Problem, 357. 

Safeguarding Coalmining Operations against Danger from OH and Gas WeOs (Hesse), 
1204; Discussion: (Hesse), 1213, 1218, 1221; (Hublbubt), 1218; (Fbab), 
1218; (Ashley), 1219, 1222; (Rice), 1219, 1222; (Fohl), 1220, 1221; 
(Nobbis), 1221; (Taylob), 1221, 1223; (Tough), 1221; (Gibbs), 1222; 
(Meals), 1223. 

Safety explosives, 1135. 

Salt spray accelerated corrosion, 770. 

Salt-water corrosion, aluminum alloys, 845. 

Sampling: American Zinc Co. of Tennessee, 1057. 
coal mine dust, 1168. 
mill solutions, 1026. 
mine dust, 1154. 

San Francisco Chemical Co., 331, 333, 334. 

Sands, flow of liquids through, 1277. 

Sauveub, Albebt: Discussions: on Chemical Equilibria During Solidification and 
Cooling of White Cast Iron, 474. 

on Finishing Melting Temperatures of Simple Ingot Steels, 488, 492. 

Saybe, M. F. : Discussion on Coatings Formed on Corroded Metals and Alloys, 792. 

Schedule Rating Coal Mines in Pennsylvania for Compensation Insurance Rates 
(Hosleb), 1226; Discussion: (Holbbook), 1234; (Adams), 1234. 

SgheMnitz, D. a. and Ellis, O. W. : Experiments on the Heat Treatment of AlphorBeta 
Brass, 794. 

ScHWABTz, H. a. and Hibd, Anna Nicholson; Chemical Equilibria During Solidifica-' 
Hon and Cooling of White Cast Iron, 470. 

SoHWABTS, H. A. : Discussion on Chemical Equilibria During Solidification and Cool- 
ing of White Cast Iron, 474. 

ScHWSiZEB, Ebnest: Discussion on New Devdopments in HighrStrengih Aluminum 
AUoys,S54. 
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Scratch and Brinetl Hardness of Severely Cold-^roUed Metals (Fooleb and Qunm), 
889; Discussion: (Rawdon), 894, 896, 896; (Benedicks), 895; (Fogleb), 
896; (Davis), 896. 

Scratch hardness, 889. 

Screen tests, 1082. 

Sea^water corrosion, copper alloys, 745. 

Seay-Cranfill oil field, 1334. 

Segregation, 697. 

Selective Combustion in Coal (Sinnatt), 189; Discussion: (Davis), 207, 208; (Field- 
neb), 207; (Rice), 208; (Grant), 208; (Rose), 208; (Parr), 209; (White), 
209. 

Semet Solvey coke ovens, Alabama, 1106. 

Settling tanks, zinc, 908. 

Setler, Clarence A.: The Microstructure of Coal, 117. 

Discussions: on Microscopical Structure of Anthracite, 145. 

on Modem Views of the Chemistry of Coals of Different Ranks as Conglomer^ 
ales, 246. 

on Moisture as a Component of the Volatile Matter of Coal, 287. 

Shallcross, Samuel M. : Discussion on Engineering in Limestone Production, 366. 
Sheet metal, corrosion, 755. 

Shrinkage of grains, 637. 

Significance of Fluid Level in Oil-well Pumping (Uren), 1301. 

Silica, physiological effect, 1170. 

SUico-cementite, X-ray examination, 475. 

Singbwald, J. T. : Discussion on Limestone Production as a Mining Problem, 357. 
SiNKiNSON, E. S : Discussions: on Coal in Relation to Coke, 160. 

on Resolution of Coal by Oxidation, 174. 

Sinnatt, F. S. : Selective Combustion in Coal, 189. 

Size of feed to tube mills, 984. t 
Sizing tests, coal, 1102. 

Skull temperature, 490. 

Slag: Alabama, 441. 

effect of sulfur control, 456. 
lead, zinc in, 919. 
volume, blast furnace, 468. 

Sloss Sheffield Iron & Steel Co.; coke plant, 1108. 
coal washer, 1099. 

Sludge problem, coal washing, 1089. 

Smelting Copper Concentrates in a Converter (Longworth), 969. 

Smith, Harry H.; Discussion on Finishing Melting Temperatures of Simple Ingot 
Steels, 504. 

Smoke, 1066. 

Sodium arsenate, production from speiss, 960. 

Soft metals: annealing, 636. 
etching, 632. 
grain growth, 627. 

Solidification, white cast iron, 470. 

Solution heat treatment, aluminum alloys, 836. 

Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth Process 
(Hebtt, Belyea, Burkart, and Miller), 512; Discussion: (Hibbard), 
532; (Herty), 632, 534, 536, 537, 539; (Reinartz), 632, 533, 634, 637; 
(St. John), 633; (Fbild), 634; (Hayward), 634; (Sweetser), 534; 
. (King), 535, 636, 637, 638; (StYri), 538; (Orrok), 638. . 
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Sorting costs, 1005. 

South Africa, ore dressing, 983. 

South Boston Iron Works, 407, 417. 

Southern Iron Co., 399. 

Specific endurance, 848. 

Specific resistance, austenitic steel, 573. 

Specifications, zinc, 906. 

Speiss: analyses, 953. 

arsenic recovery, 953. 
tri-sodium arsenate, 960. 

Speller, F. N.: Discussion on Effect of Svlfur on Blast-fumace Process, 468. 

Spelter: analysis, 900. 

impurities: cadmium, 899. 
iron, 899. 
lead, 898. 
redistillation, 900. 

Spicer, H. N. : Discussion on Recent Developments in the Fine Grinding and Treatment 
of Witwatersrand Ores, 1015, 1016. 

Spontaneous combustion, coal, 207, 208. 

Spring Mines, 990, 994. 

Sprinkling, coal mines, 1185. 

Stability, aluminum alloys, 860, 882. 

Steel: Alabama, 398. 
austenitic, 548. 
blowholes, 482, 489. 
chromium, 571. 
chromium-nickel, 571. 
classification, 477. 
effervescing, 485, 489. 

finishing melting temperature, see Finishing melting temperature, steel, 
gun alloy, 422. 
kiUed, 483. 

manganese sulfide inclusions, 541. 
melting point, 477, 491. 
nickel, 570. 
partly killed, 483. 
red shortness, 718. 

X-ray, 727. 

Sted Making in Alabama (Bowron), 398. 

Steele, E. W.: Application of Pulverized Coal to Copper Refinery Furnaces, 972; 
Discussion, 982. 

Stbidle, Edward: Economics of Rock-dusting Bituminous-coal Mines, 1164; Discus- 
sion, 1184. 

St. John, Ancel: Discussions: on the Malleability of Nickel, 717. 

on Some Factors Affecting the Elimination of Sulfur in the Basic Openrhearth 
Process, 533. 

on X-ray Evidence Versus the Amorphoue-rnetal Hypothesis, 739, 740. 
Stemm-ng material, rock dust, 1180. 

Staling Iron Works, 407. 

Stock distribution, 442. 

Stock, Kurt: RedisHUaHon of Zinc, 897; Discussion, 918. 

Discussion on a Now Roasting Furnace for Zinc Flotation Concentrate, 952. 

Stock yards, 447. 
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Stone dusting, 1149. 

Stone, R. W.: Discussion on Phosphate Deposits of Idaho and Their Rdation to the 
World Supply^ 337. 

Stoves, blast furnace, 447. 

Strauss, Jerome: Discussion on Finishing Mdting Temperatures of Simple Ingot 
Steds, 502. 

Strength-weight factors, aluminum alloys, 853. 

Structural composition of alloys, 669 
Structural geology, Venezuela, 1366. 

Styri, Haakon: Discussions: on Finishing Melting Temperatures of Simple Ingot 
Steels, 489. 

on Reaction hdween Manganese and Iron Sulfide, 547. 

on Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process, 538. 

Subsurface conditions, oil, 1340. 

Sulfur: control, effect on slag, 456. 
distribution in materials, 453. 
elimination in open-hearth process, 512. 
in coal, 169, 184. 
in coal sludge, 1102. 
in coke, 460. 

in iron blast furnace: cost of iron, 462. 
distribution, 453. 
fuel consumption, 458. 
slag control, 456. 
slag volume, 458. 
in nickel, 712. 
in open-hearth process, 512. 

Superphosphate: 325. 

Anaconda Copper Co., 329. 

Mountain Copper Co., Ltd., 328. 

Suspensoids, determination, 1066. 

Sutcliffe gun, 432. 

Swann, Theodore: Discussion on Byproduct Coking in Alabama, 1110. 

Sweetber, Ralph H. : Discussions: on Chemical EquUihria during Solidification and 
Cooling of White Cast Iron, 474. 
on Effect of Sulfur on Blast-furnace Process, 466, 467. 
on the Microscopical Constitution of Coal, 114. 
on Reduction of Iron Ores by Carbon Monoxide, 566. 

on Some Factors Affecting the Elimination of Sulfur in the Basic Open-hearth 
Process, 534. 

Symons crusher, American Zinc Co. of Tennessee, 1033. 

Talbot process, 399. 

Tantalum: absorption of gases, 708. 
carbon in, 703. 
metallography, 701, 703. 
photomicrographs, 702, 704. 
physical properUes, 692. 
uses, 696. 

Tantalum, Tungsten, and Molybdenum (Enolb), 691. 

Tatlor, S. a.: Discussion on Safeguarding Coal-mining Operations against Danger 
from OH and Gas Wells, 1221, 1223. 
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Teohnioal Comoiittees of the lostitute, xvii. 

Teeming temperatures, 480, 495, 499. 
remperatures; casting, 477, 486. 
pouring, 477, 495, 499. 
reduction, 552. 
skull, 490. 

Tennessee Cbal, Iron & R. R. Co. : 399. 
coal washer, llOO. 
coke plant, 1106, 1108. 

Tennessee: Ducktown copper district, 299. 

Mascot sine area, 289. 

Tensile strength, aluminum alloys, 881. 

Testing, aluminum alloys, 871. 

Theory of hardening, aluminum alloys, 835. 

Thickeners, Dorr, 1089. 

Thiessen, Rein'hardt: The Microscopical ConstitvHon of Coal^ 35; Discussiort,, 114, 
115. 

Discussions: on Coal in Rdaiion to Coke^ 161. 

on Enoironmenial Conditions of Deposition of Coal^ 24, 26. 
on Microscopical Structure of Anthracite^ 143. 

on Modem Views of the Chemistry of Coals of Different Ranks as Conglom- 
erates, 244. 

on Nitrogenous Constituents of Coal, 214, 215. 
on Resolution of Coal hy Oxidation, 174. 

Thiocarbanalid feeder, 1052. 

Thoenen, J. R. : Limestone Production as a Mining Problem, 352. 

Thom, W. T., Jr. : Moisture as a Component of the Volatile Matter of Coal, 282; Discus- 
sion, 287, 288. 

Discussions: on Coal and Oxygen, 224. 

on Contact Metamorphism of Some Colorado Coals by Intrusives, 252 
Thompson, A. Beebt: Discussion on Increasing Production of Petroleum by Increasing 
Diameter of Wells, 1296. 

Thompson gun, 432. 

Thomson, R. M. and Drinker, Philip: Determination of Suspensoids hy AUemating- 
current Precipitators, 1066. 

Tideswell, F. V. and Wheeler, R. V.: The Constitution of Coal, 176. 

Tin, photomicrograph, 635. 

Titration, mill solutions, 1025. 

Topography, Venezuela, 1359. 

Tough, F. B.: Discussion on Safeguarding Coalmining Operations against Danger 
from OH and Gas Wells, 1221. 

Treadwell gun, 428. 

Tri-sodium arsenate, production from speiss, 960. 

True, O. S. and Herty, C. H., Jr. : Reaction between Manganese and Iron Sulfide, 540. 
Tube-mill plant. West Springs mill, 1011. 

Tube mills; 983. 

capacity vs. grading, 997. 
costs, 1005. 
feed, 984, 991. 

Forbes, 1050. 
length, 1015. 

Tulsa County, Oklahoma, production decline curves, 1325. 
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Tungsten: physical properties, 692. 
uses, 693. 

Turner, Homer G. : Microscopical Structure of ArUhracitef 127. 

Discussions: on Environmental Conditions of Deposition of Coalf 29. 
on Progressive Regional Carbonization of Coals, 280. 

Ulmins, coal, 167, 176, 176. 

United States Steel Corpn., 402. 

Uren, Lester C.: Increasing Production of Petroleum by Increasing Diameter of Wetls, 
1276; Discussion, 1299. 

Significance of Fluid Level in Oil-well Pumping, 1301. 

Uses: molybdenum, 694. 
tantalum, 696. 
tungsten, 693. 

Utah Fertilizer & Chemical Mfg. Co., 335. 

Value of Humidifying Methods in Explosion Prevention in Coal Mines (Harrington), 
1185; Discussion: (Rice), 1197; (Harrington), 1201. 

Valve, tantalum electrolytic, 698. 

VAN DER Gracht, W. A. I. M. VAN Waterschoot: Discussions: on Comparative 
SttLdy of Well Logs on the Mexia Type of Structure, 1349. 
on Environmental Conditions of Deposition of Coal, 32. 
on Progressive Regional Carbonization of Coals, 280. 

Van Evera, J. Wilbur: Discussion on Economics of the Cuyurm Manganiferous Iron 
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